The spatial analysis and speciation of uranium and thorium series radionuclides in the soil of the Cronamuck Valley, County Donegal, Ireland by Dowdall, Mark
The  S p a t ia l  A n a ly s i s  and S p e c ia t io n  o f  U r a n iu m  and  
T h o r iu m  S e r ie s  R a d io n u c l id e s  in the  Soi l  o f  the  C r o n a m u c k  
V a l le y ,  C o u n ty  D o n e g a l ,  I r e la n d .
M ark Dowdall 
Institu te  o f  T echnology, Sligo
This p ro jec t is subm itted  in fu lfillm ent o f the N ational Council 
for E ducational Awards requ irem ents for the aw ard o f D octor
j
o f Philosophy by research  and thesis.
Project Supervisor: John O ’Dea 
Submitted to the National Council for Educational Awards, April, 2000.
V.
The Spatial A nalysis and Spéciation  o f U ranium  and Thorium  
Series R adionuclides in the Soil o f the C ronam uck V alley, Co.
D onegal, Ireland.
M ark Dowdall 
A B S T R A C T .
This th es i s  deta il s  the f in d in g s  o f  a s tudy into the spatial  d is tr ibut ion  
and s p e c ia t io n  o f  238U, 226Ra and 228Ra in the s o i l s  o f  the Cronamuck  
v a l l e y ,  County  D o n e g a l .  The reg ion  l i es  on the  north-eastern  ed ge  o f  
the  B a rn esm ore  granite and has been  the su b jec t  o f  uranium p r o s p e c t in g  
efforts  in the  past. The results  o f  the project  p rov id e  information on the  
p ract icabi l i ty  o f  g e o s ta t i s t i c a l  t e c h n iq u e s  as a means o f  e s t im at in g  the  
spatial  d is tr ibut ion  o f  natural r a d io n u c l id es  and prov ide  in s igh t  into the  
b eh av iou r  o f  th es e  n u c l id e s  and their m o d e s  o f  occu rr en ce  and 
en r ich m ent  jn  an upland b og  en v ironm en t .
The result s  o f  the  g e o s ta t i s t i c a l  survey  c o n d u c te d  on the area in d ica te  
that the primary control  over  the l e v e l s  o f  the s tud ied  n u c l id es  in the  
so i l  o f  the v a l l e y  is the un der ly in g  g e o l o g y .  I sop le th  maps o f  n u c l id e  
l e v e l s  in the v a l l e y  in d ica te  a p re d o m in a n c e  o f  e l ev a ted  n u c l id e  l e v e l s  
in the sam ples  drawn from the granite reg ion ,  s ta t i s t ica l  an a lys is  o f  the  
data in d ica t ing  that l e v e l s  o f  the  n u c l id e s  in s a m p les  drawn from the  
granite  are greater than l e v e l s  drawn from the  non -gran ite  region by. up 
to a factor o f  4 .6  for 2j8U and 4 .9  for 226Ra. R ed is tr ib u t ion  o f  the 
n u c l id e s  occurs  via dra inage s y s te m s  w ith in  the va l l ey ,  this  p rocess  
b e in g  r e s p o n s ib le  for transport o f  n u c l id e s  away from the granite  reg ion  
resu lt ing  in en r ich m ent  o f  n u c l id e s  in s o i l s  not  underlain  by the  
granite.  D is tr ibut ion  o f  the n u c l id e s  with in  the v a l l e y  is erratic,  the  
e f fe c t  o f  dra inage  f lo w s  on the n u c l id e s  resu l t ing  in l o c a l i z e d  enr iched  
areas with in  the va ll ey .
S p e c ia t io n  o f  the n u c l id e s  w ith in  one  o f  the enr iched  areas en cou n tered  
in the s tudy in d ica te s  that en r ich m e n t  is as a result  o f  saturation o f  the  
s o i l  with drainage  water co n ta in in g  trace amounts  o f  rad ionu c l id es .  
238U is primarily he ld  with in  the lab i le  fract ions  ( e x c h a n g e a b le  ca t ions  
+ eas i ly  o x id i s a b l e  organ ics  + am orph ou s  iron o x i d e s )  o f  the  so i l ,  226Ra 
b e in g  a s s o c ia t e d  with  the  n o n - la b i l e  fract ions ,  most  probably  the  
res is tant  organic  material .  228Ra d isp lays  a s ig n i f i c a n t  occurrence'  in 
both the lab i le  and n o n - la b i l e  fract ions .  The abi l i ty  o f  the so i l  to retain 
uranium appears  to be a f fec ted  largely  by the redox status o f  the so i l ,  
sa m ples  drawn from o x i d i z i n g  e n v ir o nm en ts  t e n d in g  to have  l i t t le  or no
i
uranium in the e a s i ly  o x id i s a b le  and am orphous  iron o x id e  fract ions .  
This  loss  o f  uranium from o x i d i s e d  so i l  s a m p le s  is r e s p o n s i b l e  for the  
e l e v a te d  226R a / 238U d i seq u i l ib r iu m  en cou n tered  in the enr ich ed  areas o f  
the  va l l ey .  A n a ly s i s  o f  the data ind ica te s  that s a m p les  d is p la y in g  
e lev a ted  226R a /238U ratios a lso  e x h ib i t  e l ev a ted  228R a / 238U ratios  
in d ica t in g  a lo ss  o f  uranium from the s a m p les  as o p p o s e d  to an 
en r ich m ent  o f  226Ra.
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1.0. IN T R O D U C T IO N .
I . l  G e n e r a l  I n t r o d u c t i o n  and S t u d y  O b j e c t i v e s
The primary o b j e c t iv e  o f  this  s tudy  was to d e term in e  the d is tr ibut ion  o f  
uranium and thorium s e r ie s  rad io n u c l id e s  with in  the peat o f  the  
Cronamuck V a l le y  in the B lu e s ta c k  M ou nta in s ,  Co.  D onega l  and to 
ascerta in  the c h em ic a l  m od e  o f  occu rr en ce  o f  the r a d io n u c l id es  within  
the peat i t s e l f  The o b j e c t iv e s  a l so  in c lu d ed  an a s s e s s m e n t  o f  the  
performance  o f  ad v a n ced  es t im a t io n  and in terp o la t ion  m eth od s  in the  
spatia l  a n a ly s i s  o f  natural rad io n u c l id e s  and the in v e s t ig a t io n  o f  
rad ioac t ive  d is eq u i l ib r iu m  in the XU d ecay  ser ie s  within  areas o f  
e lev a ted  natural rad ioac t iv i ty  in the Cronamuck V a l le y
In order to d e term ine  the spatia l  d is tr ibut ion  o f  natural rad io n u c l id e s  
within  the va l l ey ,  the m eth od s  em b o d ie d  in the theory and pract ice  o f  
g e o s t a t i s t i c s  were  e m p lo y e d .  Spatia l  co r r e la t io n ' s  for the rad io n u c l id e s  
w ere a s s e s s e d  us in g  sem i-var iogram  an a lys i s  and th is  in formation  was  
then used in the im p le m en ta t ion  o f  the point  e s t im a t io n  p r o c e s s  known  
as krig ing .  The f inal  outputs  were  i sop le th  maps o f  rad ion u c l id e  l e v e l s  
within  the va l ley .  Th e  performance  o f  the g e o s ta t i s t i c a l  procedure  
relat ive  to other c o m m o n  point  es t im at ion  m e th o d s  for the spatial  
a n a ly s i s  o f  natural rad io n u c l id e s  was in v es t ig a ted  for a number o f  
parameters
Areas o f  the v a l l ey  e x h ib i t i n g  marked enr ichm ent  o f  r ad ion u c l id es ,  and 
often  co n c o m ita n t  rad ioac t ive  d i s e q u i l ib r iu m ,  were  in v es t ig a ted  in 
detail .  A w id e  range o f  c h e m ic a l  a n a ly s e s  was  performed on the s o i l  in 
th es e  reg ion s  in order to d e term ine  p o s s i b l e  c o n tr o l l in g  factors  over  the 
a ccu m u la t io n  o f  rad io n u c l id e s  in these  areas.  The c h e m ic a l  sp e c ia t io n  o f  
the r a d io n u e h d c s  in the s o i l  was  e s ta b l i s h e d  u s in g  s e q u e n t ia l  c h em ic a l  
e x trac t ion s  This  p ro cess  a l l o w e d  id en t i f i ca t ion  o f  the s o i l  phases  within
I
which  the ra d io n u c l id e s  were incorporated.  I n v es t ig a t io n  o f  various  
r a d io n u c l id e  ratios a l l o w e d  c o n c l u s i o n s  to be drawn on the matter o f  
rad ioac t ive  d i seq u i l ib r iu m  within  th es e  reg ions .
An in v es t ig a t io n ,  o f  this  type  a l lo w s  both, s i t e - s p e c i f i c  and general  
c o n c l u s i o n s  to be made c o n c e r n i n g  the b ehav iou r  and fate o f  natural  
ra d io n u c l id es  and uranium, ser ie s  nu c l id es ,  in. particular.  W h i l e _ t h e  
occu rr en ce  and b eh av iou r  o f  a n th r o p o g e n ic  ra d io n u c l id e s ,  such as 137Cs,  
in upland reg ions  o f  Ireland has been  s tud ied  in s o m e  deta il ,  l i t t le  work  
on natural r a d io n u c l id es  in such e n v ir o n m e n ts  has been  carried-out in-the 
past.  The  majority o f  work that has been  c o n d u c te d  in Ireland has been  
part o f  uranium prospect ing^efforts  and primari ly concerned,  i t s e l f  with  
the loca t ion  o f  ra d io n u c l id e  enr ich ed  peat as an indicator  o f  
e c o n o m i c a l l y  v iab le  d ep o s i t s .  T h e s e  s u r v e y s .p a id . s c a n t  attention,  to the  
behav iou r  o f  the ra d io n u c l id e s  or the p r o c e s s e s  g o v e r n in g  their  
dis tr ibu t ion , -o f ten ,  b e in g  l imited,  to l i t t le  more than, cursory an a lys is  o f  
the  data.
M any en v iron m en ta l  surveys  rely on. the c o l l e c t i o n  o f  large amounts,  o f  
data and the s u b s e q u e n t  c o n to u r in g  o f  the  var iables  as the  f inal  output.  
L it t l e  con cern  is g iv e n  to. the procedures  used in the. c o n to u r in g .p r o c e s s  
or to the accuracy  o f  the e s t im ates  used in the p rocess .  The use  o f  
s ta t i s t ica l  t e c h n iq u e s  for the es t im ation ,  o f  a large n um b e r  o f  po in ts  
based  on a re la t ive ly  small  data set  a l l o w s  for the p rod u ct ion  o f  accurate  
i s o p le th  maps o f  var iables  for reg ion s  where,  it is i m p o s s ib l e  to. obtain  
large numbers  o f  sam ples .  Such m eth od s  a lso  a l l o w  a rigid and coh ere nt  
procedure  to be ad op ted  from the t im e o f  s a m p l in g  to the production ,  o f  
f inal  outputs  and do not rely on the im p le m en ta t io n  o f  an e s t im at ion  
procedure  in .o n ly  the f inal  s t a g e s .o f . th e  data analys is .
K n o w l e d g e  o f  the d is tr ibut ion  and b eh av iou r  o f  natural ra d io n u c l id es  is 
important for a number o f  r e a s o n s .a l o n g s id e  i t s . in tr in s ic  value .  Uraqium
ser ie s  r a d io n u c l id es  are the  precursors  o f  radon gas ,  r e s p o n s i b l e  for in 
e x c e s s  o f  50% o f  the radiation d o s e  to the Irish p op u la t ion  (M c L a u g h l in ,  
1990) .  Improved  k n o w l e d g e  o f  the b eh av iou r  o f  R a 226 in s o i l s  may  
prov ide  .for. more accurate  e s t im a t io n .o f  the radon p rod uct ion  potential^of  
s o i l s  in this  country.  Uranium is a heavy  metal ,  presen t in g  similar  
hazards in the e n v ir o n m en t  as other heavy  metal  contam inants .  
Informat ion about  uranium in upland peat  areas may p rov id e  information  
o f  re l e v a n c e  to the s tudy o f  other heavy, metals  in . s im i lar  env ironm ents .
Peat b ogs  have  long  b een  a cce p te d  as act ing  as uranium ‘s i n k s ’ 
(D o u g la s ,  1 991) , .  s ig n i f i c a n t  amounts  o f  uranium a ccu m u la t in g  in s o m e  
areas over  lon g  per iods  o f  t ime.  D isru p t io n  o f  such  en v ir on m en ts  by 
agriculture ,  industry  or a f fores ta t ion  may lead to. re lease s  o f  re la t ive ly  
large amounts  o f  uranium (and its d ecay  p roducts )  into w atercourses .  
K n o w le d g e  o f  the factors  c o n tr o l l in g  the o ccu rr en ce  and retent ion  no f  
uranium within  th ese  ‘ s i n k s ’ is des irab le  in order to be able to predic t  
w hether  a c t iv i t i e s  in or near th es e  reg ions  may result . in uranium re leases  
to the surrounding env ironm en t .
P r e v io u s  s tud ies  on natural r a d io n u c l id es  in the so i l  o f  this  region have  
been  c o n d u c te d  as part o f  co m m erc ia l  uranium e xp lor a t ion  efforts.  
A cademic ,  research efforts  to date have  i n v o lv e d  the s e l e c t i o n  of,_,at 
most ,  one  or tw o  s a m p les  from the reg ion  as part o f  nat ional su rveys  o f  
rad ioac t iv i ty  l e v e l s  in s o i l s  and were  l imited  to the determination ,  o f  
a c t iv i ty  l e v e l s .  This  study p rov id es  an integrated  a s s e s s m e n t  o f  the  
status of .uranium and a s s o c ia te d  natural ra d io n u c l id e s  in an upland.peat  
en v ir on m en t ,  s o m e th in g  not p r e v io u s ly  c o n d u c te d  in this  country.  It 
p rov id es  information on the d i s tr ib u t io n , . s p e c ia t io n  and a c c u m u la t i o n .o f  
ra d io n u c l id e s  w ith in  a d e f in ed  region  u s in g  a d van ced  s ta t i s t ica l  and 
an a l.ytrca Lprocedures .
1 .1 .1 .  T h e  B a r n e s m o r e  P lu to n
The B arn esm ore  P luton ,  an i s o la te d  granite reg ion  s o m e  52 km in ar^a, 
forms the B lu e s t a c k  Mountain ,  range (Grid Ref.  H 0 2 2  9 2 8 )  in central  
D o n e g a l  (Fig.  la ) .  The p lu ton  c o n s i s t s  o f  three granite types ,  w hich  are 
s im ilar  in mineral  c o m p o s i t io n  but dif fer  in. their, grain size,  and-modal  
c o m p o s i t io n .
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Figure l.a. L o c a t i o n .o f . t h e  Barnesmore .Granite , .  C ounty  D o n e g a l .
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Figure lb .  S ch em a t ic  o f  the B arn esm ore  Pluton .  R e c t a n g le  d e n o te s
S.ur.v.e.y 1. s tudy region.
The pluton.  was em p la ce d  in. Dalradian.  m e ta s e d im e n ts  by cauldron  
s u b s i d e n c e  (Walker  and L eed a l ,  195 4 )  forming an e lo n g a ted  d om e  
s tre tch in g  in.a N.W - SE .d irect ion .and  m ainta in ing .sharp  contac t  with_the  
country  rocks.  The main granite  body (G2)  c o n s i s t s  o f  l e u c o c r a t ic  
ad am el l i t e  with, a smal l  region,  o t g r a n o d i o r i t e  (Gl.) e x i s t in g  within,  the  
main granite.  Both  the Gl and-G2 granites  are cut by the Sh eet  C o m p lex  
(G3) .  w h ich  may be s u b d iv id e d  into two c o m p o n e n t s ,  G3a,. an. e.ven 
grained le u c o c r a t ic  granite ,  and G3b, a prophyrit ic  ap logran ite  ( F i g . l b  ).
1 . 1 . 2 .  U r a n i u m  O c c u r r e n c e  in the B l u e s t a c k - M t s
Information  on the o c c u r r e n c e  o f  uranium and other r a d io e le m e n ts  in the  
B lu e s ta c k  M ou nta in s  is largely  derived from, two so u rces ,  a c a d em ic  
research and from the reports o f  the  mineral  exp lor a t ion  c o m p a n ie s  w ho
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c o n d u c te d  uranium e xp lor a t ion  in the reg ion  during the 1 9 7 0 ’s. EEC  
funded  exp lora t ion  for uranium, began in. 1976  concentrat ing ,  on, tfye 
C aled on ian  p lu ton s  o f  L e ins ter ,  Connemara and D o n e g a l .  As this  project  
is con c e r n e d ,  with  the B a rn esm ore  reg ion ,  on ly  the literature,  perta in ing  
to this  area w i l l  be rev iew ed .  Exp lorat ion  in the B lu e s ta c k  M ou n ta in s  
w a s .c o n d u c te d  by. Irish B a s e  M eta ls  in a s s o c ia t io n .w i th  Tara P r o s p e c t in g  
Ltd.,  f inal  reports b e in g  subm itted  to the g o v e r n m e n t  in 1979 .  A number  
o f  tech n iq u es ,  were e m p lo y ed ,  in. the  p r o s p e c t in g  p r o g r a m m e . in c lu d in g  
alpha track ( “T rack -E tch ”) d e tec tors ,  ground radiometr ic  surveys  (both  
gross  coun t  and gamma, sp ec trom etry) ,  stream s e d im e n t  sa m p l in g ,_ so i l  
tren ch ing  and a range o f  g e o p h y s i c a l  and g e o c h e m i c a l  te c h n iq u e s .  The  
period o f  p r o s p e c t in g . in . th e  Barnesmore.  reg ion  indicated:
“the p resen ce  o f  high b ackground  uranium content  in 
the Barnesm ore  G r a n i t e s t h e  def in i te  and widespread  
enr ichm ents  f o u n d  in wea thered  m ater ia l  and  p e a t , the 
p resence  o f  seco n d a ry  uranium, minerals  ( a u f i n i t e ) p r o v e  
that uranium is p re sen t  in the area, and  that it is 
extremely  m o b i le ” (Ir i sh .B ase  M eta l s ,  1979) .
Many o f  the t e c h n iq u e s  used at the t im e (portable  gamma spectrom etry ,  
alpha track, d e tec tors )  do not. prov ide  qu ant i ta t ive  va lu es  o f  the  
uranium l e v e l s  in the area, h o w e v e r  the ch e m ic a l  an a lyses  on rock,  
peat and sed iment . ,  s a m p les  do. provide  an. in d icat ion ,  o f  uranium  
l e v e l s  in the region .  It s h o u ld  be noted  that the o b j e c t iv e  o f  the  
work was the l o c a t io n  o f  e c o n o m i c a l l y  v ia b le  uranium, d e p o s i t s  
which  im p l ie s  that reported va lu es  are for reg ion s  where  high  
l e v e l s  o f  uranium, were, e x p e c te d  or had been,  ind ica ted  by 
radiometr ic  surveys  etc. The l e v e l s  reported therefore  are not  
representa t ive  o f  the background s i tu at ion  with in ,  the ,  Barnesmore  
region in general .
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Three  o f  the main dra inage  s y s te m s  in the region  (Cronamuck,  Barnes  
and Corabber R iv ers )  prov ided  s e d im e n t  uranium v a lu e s  up to 45 ppm,  
(Irish B a s e  Metal  Ltd. ,  1 9 7 8 ) ,  in d ic a t iv e  o f  a h igh background uranium  
co n ten t  within,  the genera l  locali ty . .  R ep orted  peat and rock va lu es  are 
more s p e c i f i c  to small  rad ioac t ive  a n o m a l ie s  in the area. The h ig h e s t  
reported va lu e  in rock was 2 7 9  ppm, the  average  v a lu e  for an unreported  
number o f  rock sam ples  b e in g  40  ppm (Irish B a s e  Metal  Ltd. ,  1978) .  The  
m axim u m  reported value,  for peat  was 7 6 0 0  ppm at.a small  lo c a t io n .a ea r  
B ro w n s  Hi l l  in the  southern reaches  o f  the  mounta in  range (Irish B ase  
M etals  Ltd. ,  1978) .
While . the .  reported quant i t ies  o f  uranium. in_ sam p les  taken as, part oL th e  
p r o s p e c t in g  effort  are o f  l i t t le  use  in a scer ta in in g  the background  
uranium con ten t  o f  the B a rn esm ore  reg ion ,  a number o f  useful ,  facts^are 
prov id ed  in the reports. Thé first is the lo c a t io n  o f  a number o f  peat  
a n o m a l ie s  with in  the B row n s  Hi l l  ( 7 6 0 0  ppm U/kg p.eat)_and.Cronamuck  
V a l le y  reg ions .  N o  uranium v a lu es  are g iv e n  for the Cronamuck  
a n o m a l ie s  ( lo c a t io n  of .the a n o m a l ie s  hav in g  been  in d ica ted  by the. use, o f  
a portable  ratemeter) but the report s p e c i f i e s  that they are 
unsupported  in the under ly ing  rock (Irish B a s e  M eta ls  Ltd. ,  1.97,8). 
The s e c o n d  is that th es e  a n o m a l ie s  tend to be reg ion s  o f  le ss  
than 30 m x . 30. m and that, th ey  tend to be grouped  in c lusters ._No  
lo c a t io n s  for th es e  a n o m a lo u s  reg ions  with in  the v a l l e y  are deta il ed .  
T h e s e  two. facts  in d ica te  that uranium, within,  the. reg ion  w ould  appear^to 
be re la t ive ly  m o b i le ,  as h igh l e v e l s  w ith in  the  peat are not  a s s o c ia t e d
with high l e v e l s  in the underly ing ,  rock .and that s o m e  areas within_the
i
general  reg ion  are u n de rg o in g  a uranium en r ich m ent  p ro ces s ,  as 
e v i d e n c e d  by the  small  areas o f  e x tre m e ly  high,  uranium, content,^ e.g.  
B ro w n s  Hill .
The p r o s p e c t in g  reports of. the 1 9 7 0 ! s  have  l i t t le ,  to offer^ in 
e s t a b l i s h in g  the average  uranium le v e l s  in the B arnesm ore  region
but do prov ide  u sefu l  in format ion  about  h o w  the uranium may be 
dis tr ibuted  in the region  (small  lo c a l i s e d ,  of ten  unrela ted ,  enr ichm ents  
in both rock and peat) .  A c a d e m ic  research on the occu rr en ce  o f  
ra d io e le m e n ts  in the area is more o b je c t iv e ,  even  though  much o f  it 
appears  to have been  c o n d u c te d  in c o n ju n c t io n  with  the  p r o s p e c t in g  
effort.i
O ’C onnor  et al  (1 9 8 3 )  reported the B arn esm ore  F luton  as e x h ib i t in g  
the h ig h e s t  average  uranium and thorium co n te n t  (8.1 ppm and 25.1  
ppm r e s p e c t i v e ly )  o f  all the Irish N e w e r  C a led on ian  Granites ,  with a 
re la t ive ly  high p o tass iu m  leve l  o f  4.1 %. Uranium in the B arn esm ore  
plu ton  occu rs  as the s econ d ary  mineraL aut inite, ,  loca ted  largely  
within  the central  G3a granite ( O ’Connor ,  1 9 8 1 )  with no e v i d e n c e  
of. the mineral  uraninite  in. the granites.  Data, on the  r a d io e lem en t  
c o n ten t  o f  the surrounding  m e ta s e d im e n t s  is scarce ,  O ’C onnor  and 
Long.  ( 1 9 8 5 )  report ing  average,  uranium and thor ium con ten ts  o f _ 1 . 8  
ppm and 12 .0  ppm r e s p e c t i v e ly  for s imi lar  Dalradian l i t h o l o g ie s  in the  
D onegal,  region.
E v id e n c e  o f . the  e l e v a te d  natural rad ioac t iv i ty  o f  the region,  is a lso  
p rov ided  by n a t io n -w id e  radiometr ic  surveys  that have  b een  c o n d u c te d  
in-the past. M c A u le y  and Moran ( 1 9 8 8 )  reported 40K soil  a c t iv i t i e s  o f  
4 5 0 - 6 0 0  B q /k g  and 226Ra s o i l  a c t iv i t i e s  o f  6 0 - 1 0 0  B q /k g  for the  
genera l  B arn esm ore  region (nat ional averages  o f  3 5 0  B q /k g  and 60  
B q/kg  r e s p e c t iv e ly ) .  It is worth not ing  that the 226Ra surveys  adopted  
a s ch em e ,  with, a sampl ing ,  d en s i ty  of. 1 /10  km2 and it is th erefore  
im probable  that the survey  w o u ld  have  encou n tered  one  o f  the  
smal l  an o m a lo u s  reg ions  reported in the prospecting' ,  surveys  of,  the  
1 9 7 0 ’s.
8
1.2 .  P e a t ,  O r g a n i c  s o i l s  and  H u m u s
A lth ou gh  a large number o£ so i l ,  c l a s s i f i c a t i o n . s y s t e m s  are . in  co m m o n  
usage ,  this  project  d oes  not  con cern  i t s e l f  with the f iner po in ts  o f  what  
co n s t i tu te s  “p e a t” . For the.purp.ose. o f  this  s tudy,  peat. is. an.organic.  s,oil 
co n ta in in g  large amounts  o f  carbon, produ ced  in an en v ir onm en t  where  
the  supply  o f  organic ,  matter exceed s ,  the  rate of. d e c o m p o s i t i o n
i
(C ruickshank,  1972) .  The d i s t in c t io n  b e tw een  “p e a t ” and “organ ic  s o i l ” 
as a. d escr ip t ion  o f  a particular soiLty'pe is. unc lear  as many researchers  
use  the term in terc h a n g ea b ly  and many cou n tr ies  adopt  their  own  
particular. c lass if icat ion_.systems.  Cr.u ickshank,(l  9 7 2 )  and.Farnhanuand  
F inn ey  (1 9 6 5 )  refer to peat ( in c lu d in g  a variety  o f  peat typ es )  as a sub-  
se t  .of organ ic  s o i l s  and d i s t in g u i s h .b e t w e e n  peat types  us in g  b otan ica l  
c o m p o n e n t s  and the ch e m ic a l  nature o f  the  s o i l ,  and it is this  s y s tem  
that i s .u sed  throughout  this  study.
H umus,  a c o n s t i tu en t  o f  peat,  is the total  o f  the organ ic  c o m p o u n d s  in 
s o i l  e x c l u s i v e  o f  u n d e c a y e d  plant, material ,  part ia l ly  d ecayed  produces  
and the so i l  b iom ass .  H um us  may be s u b -d iv id e d  into further c o n s t i tu e n t  
c o m p o n e n t s . w h i c h  are c lass i f ied ,  a cco r d in g  to their, s o lu b i l i t y  in various  
reagents ,  m ost  c o m m o n ly ,  alkali  and a c id i c  s o lu t io n s  (Table  1 ) .  Both  
humic  a n d . f u l v i c  ac ids  play  a_ large, p art  in the ch em is try  o f  p ea t .an d  
organic  s o i l s ,  the  ch e m ic a l  b eh av iou r  o f  both  th e s e  su b s ta n ces  be in g  
c o n tro l l ed  to. a., large  extent,  by p h e n o l i c .  hydrox:yl and carb.oxyl .grpups  
( S a n c h e z  et a l , 1988) .
D i s s o c i a t i o n  o f  H + on the  c a r b o x y l  group at pH v a lu e s  greater  than 3
i
and s im ilar  d i s s o c ia t io n  o f  the hydroxyl,  group at pH 9 tends,  to. g iv e  
h u m ic  material  a h igh n e g a t iv e  charge (Tan, 1992) .  This  proton donation  
by co n s t i tu e n t s  o f  h um ic  .m o le c u le s  a l l o w s  for the  in terac t ion ,  o f  .the 
h u m ic  m o l e c u l e s  with  m eta l ca tio n s  by a number o f  m e c h a n is m s  
( F i g . 3 ) . At lo w  pH v a lu e s ,  ca t ion  e x c h a n g e  m ech an ism s ,  tend to
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predom inate ,  the e m p h a s i s  sh i f t in g  to c h e la t io n  m e c h a n is m s  as the pH 
va lu e  increases .
F r a c t i o n A l k a l i  S o l u t i o n
(0.1 M NaOH)
Ac i d  S o l u t i o n
(0.1 M HC1)
H um ic  acid S o lu b le In so lu b le
F u lv i c  acid S o lu b le S o lu b le
Humin I n so lu b le I n so lu b le
T able  1. C la s s i f i c a t io n  o f  humic  s u b s ta n c e s  (Tan, 1992) .
pH 3.0
pH 9.0
Figure  2*..Proton donat ion  by humi.c c o n s t i tu e n t  groups  at pH.3 and pH 9 
(after Tan, 1 992) .
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Figure  3. C he m ica l  in teract ion  o f  h u m ic  m o l e c u l e s  with metal  c a t ion s  
(after  Tan,.  L,9_92).
1 . 2 . 1 .  M e t a l  C h e m i s t r y  o f  P e a t  and  O r g a n i c  soi ls .
W h i le  a c o m p le t e  r e v i e w  o f  the l i terature p erta in ing  to organ ic  s o i l s  and  
peat is b ey o n d  the s c o p e  o f  this project ,  a b r ie f  summary o f  the structure  
o f  peat and the p r o c e s s e s  co n tr o l l in g  metal in terac t ions  with  peat' is 
presented ,  in this  s e c t io n .  Perhaps the„ co m p o n en t ,  o f  peat  that has b een  
the su bjec t  o f  m o s t  research  into metal  -  peat in terac t ions  is the humic  
ac id ,  fract ion.  H u m ic  ac ids  occur  in  alL s o i l s  and co m p r is e  a major  
fraction o f  peat. In i t ia l ly  s tud ied  by Archard ( 1 7 8 6 ) ,  w ho first  used  
alkal i . to extrac t .h u m ic  acids,*the.y are u sua l ly  d escr ib ed  as the port ion o f
the organ ic  matter o£  the s o i l  which ,  is extracted,  with, a 0.5 M„ NaOH  
a q u eou s  s o lu t io n  and later prec ip i ta ted  as a brown s u b s ta n c e  upon  
reduct ion  o f  the pH to 1 (Szalay, .  1958) .  A more current d e f in i t io n  is 
p rov id ed  by Aiken  (1 9 8 5 ) :
“a genera l  ca tegory  o f  na tura l ly  o ccu r r in g , biogenic ,  
he terogeneous  organic  subs tances  that can g enera l ly ^be  
c harac ter ised  as being ye l low to b lack  in colour,, o f  high 
molecu lar  weight  and  r e f r a c to r y " .
The port ion  o f  organ ic  matter, that is not. prec ip i ta ted  out o f  s o lu t io n  
upon pH reduct ion  is termed fu lv ic  ac id ,  humin b e in g  the material  that is 
in s o lu b le  in ei ther  acid  or alkali .  A l th ou gh  the  subjec t  o f  much work,  
the p rec i se  structure and character isa t ion  o f  hu m ic  acid  has st i l l  not been  
a c h ie v e d .  A number of .s tructures  have b e e n ,p r o p o s e d , .a  typical  e x a m p le  
o f  th e s e  s tructures  b e in g  d e ta i led  in F i g . 4. Organic  material  in so i l  is 
n e g a t iv e ly  charged at pH v a lu es  greater than about  3. This  n eg a t iv e  
charge is primari ly due to the deproton at ion  o f  c a r b o x y l i c  and p h e n o l i c  
groups  w i th in . th e .h u m i c  acid.  This  c o n t r i b u t i o n t o  the ca t ion  e x c h a n g e
i
c ap a c i t i e s  o f  peats and organ ic  s o i l s  has been  r e c o g n i s e d  as a major  
m o d e  o f  in teract ion  b e tw e e n  h u m ic  ac ids  and metals  (S ch n i tzer ,  1986) .  
The contr ibut ion  o f  humic  acid  material  to the enr ichm ent  o f  meta ls  
w ith in ,  peat has b een  r e c o g n i s e d  by many authors, .  S h o lk o v i t z  and  
C op e lan d  ( 1 9 8 1 )  and Lee  and Jon asson  ( 1 9 8 3 )  s tu d y ing  the  transport o f  
metals in s o i l s ,  Pauli  ( 1 9 7 5 ) ,  B o y l e  ( 1 9 7 7 ) ,  Id iz  et al  ( 1 9 8 6 )  and 
K ern dorff  and S ch n i tzer  (1 9 8 0 )  report ing on the en r ich m ent  o f  metals  in 
peat b ogs  by h um ic  a c i d s . .T h e s e  authors a l l . c o n c l u d e  that the hum ic  acid  
c o m p o n e n t  o f  peat is a major factor in both the a ccu m u la t io n  and 
transport o f  meta ls  w ith in  bogs .  R ash id  ( .1974) ob served  preferential  
a dsorpt ion  o f  Cu to h um ic  ac ids  in the p r e s e n c e  o f  Co,  Mn, N i and Zn,  
the peat moss  used in his exp er im en ts  e x h ib i t in g  an adsorpt ion  capaci ty  
o f  1 5 0 0  mg m eta l /k g  humic  acid.
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Figure 4. Prop osed  structure o f  hu m ic  acid m o l e c u l e s  accor d in g  to F u chs  
( s e e . K o n o n o v a , .  1 9.66).
C om plexat ion ^h as  also.  been,  prop osed  as a p r o c e s s  con tr ibu t in g  to. the  
retent ion  o f  h eavy  m eta ls  by hu m iç  ac ids .  C o m p le x a t io n  or ch e la t io n  
occu rs  if. .two.or more fu n c t io n a l .g r o u p s  w i th in . th e  hu m ic  acid  structure  
c o -o rd in a te  a metal  ion forming a ring structure.  M o d e l s  d e v e l o p e d  by 
L e e n h e e r  et a l  ( 1 9 8 9 )  and. S t e v e n s o n . (1982.) in d ica te  p o s s i b l e  ch e la t io n  
i n v o lv i n g  carboxyl and s a l i c y la t e  groups ,  as w e l l  as s i te s  c o n ta in in g  
nitrogen .and.sulphur. .  In ad d it ion . to  p lay ing  a-.major.part in.the retent ion  
o f  metals  w ith in  peat,  c o m p le x a t i o n  with  hu m ic  ac ids  a l so  p rov id es  a 
means  o f  dis tribution. ,  o f  metals .  Humic.  ac ids  may form, s o lu b le  
c o m p l e x e s  with meta ls ,  this  p r o c e s s  b e in g  h ig h l ig h te d  by Z ie l in s k i  et a / 
(1 9 8 8 ) . and Smith  et al  (.199.0) as a means,  o f  metal  transport,  in surface  
waters.
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)The role  o f  metal  o x id e s  has a l so  been,  the s u bjec t  o f  in v e s t ig a t i o n  with  
resp ec t  to metal  retent ion.  Mn(III) ,  Fe(III) ,  Pb (IV )  and Co(III) o x id e s  
are s table  in o x y g e n a te d  sys tem s  under neutral  pH c o n d i t io n s .  O xides  o f  
th e s e  m eta ls ,  primarily iron and m an gan ese ,  are found as so i l  part ic le  
co a t in g s  or s u s p e n d e d  part ic les  within,  many s o i l s .  Where iron bearing  
waters meet  o x id i s e d  surface  so i l  layers,  the  formation o f  iron and  
m a n g a n e se  o x id e s  may be s u f f i c i e n t  to ca u se  the formation o f  d e p o s i t s  
o f  bog  iron ( iron pan) as character ised  by N e w b o u ld  (1 9 6 0 ) .  The  main  
forms o f  iron o x id e s  in_peats are. the minerals ,  g o e th i t e  and lep id oc ro t i te .  
Such metal  o x i d e s m a y  a lso  be r e s p o n s i b le  for metal  en r ichm ent  in b o g s  
g iven  the ion adsorpt ion  ca p a b i l i t i e s  o f  such  materia ls .  A dsorpt ion  can
i
occu r  due to the acid  -  base  nature o f  the surface  hydroxyl groups  
formed on the chemisorp.t ion  o f  water, m o l e c u l e s  . Tamura et al  ( .1996)  
character ised  adsorpt ion  o f  meta ls  to iron o x id e s  as an ion e x c h a n g e  
p r o c e s s  cau sed  by the protonat ion  and d ep ro ton at ion  o f  surface  hydroxyl  
groups .  Schwertm ann and Taylor ( 1 9 7 7 )  e s t im ated  that the adsorpt ion  
capac i ty  o f  iron o x id e s  was b e tw e e n  30  and 100 f imol /g.  T hey  de f in ed  
two m o d es  o f  adsorpt ion  to such  o x id e s ,  “ n o n - s p e c i f i c ” ( e l e c t r o s ta t i c
ad sorp t ion )  and “s p e c i f i c ” ( c o v a le n t - ty p e  ion b o n d in g ) ,  the latter b e in g
i
r e s p o n s i b le  for the adsorpt ion  o f  h eavy  metal  ca t ion s  such as Pb. Ho and 
M il ler  ( 1 9 8 5 )  in v e s t ig a te d  the  re la t ionsh ip  b e tw e e n  the  adsorpt ion^of
f
certain meta ls  by iron o x id e s  and organ ic  matter,  c o n c l u d in g  that low  
l e v e l s  o f  organ ic  matter co u ld  en h a n ce  metal adsorpt ion  on the o x id e s ,
i
the e n h a n c e m e n t  b e in g  d e p e n d e n t  on humic  acid con cen tra t ion  and the  
pH, o Lthe s o 1 ut  io n .
The.mobi l i ty .  o f .m eta ls  in peat and onganic. s o i l  is de.p.endent.orLa number  
o f  factors  in c lu d in g  pH, temperature  and c h em ic a l  c o m p o s i t io n .  The  
m ost- im p ortan t  p h y s i c a l  parameter  contro l l ing ,  r e l o c a t io n  6f.rnetals._in 
peat  is water m o v e m e n t  with in  the peat it se lf .  K n igh t  ( 1 9 7 2 )  and R ycroft  
e1 al  ( 1 9 7 5 )  ca lcu la ted  that there  .was .  l i t t le  mass  d istr ibut ion^ o f  
in organ ic  c o m p o u n d s  b e l o w  the top 50 cm o f  peat  due to the lo w
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hydraulic  c o n d u c t iv i ty  o f  peat.  This  f in d ing  is in contrast  to the  
o p in io n s  o f  K o c h e n o v  ( 1 9 6 5 )  who asserts  that groun d w ater  infi ltration .of 
a bog may a c t iv e ly  transport metals  w ith in  the peat beds ,  i r re s p e c t iv e  o f  
the nature of_ water f lo w  w ith in  a bog,
1.3.  C h e m i s t r y  o f  U r a n i u m  in the  S u r f i c i a l  E n v i r o n m e n t .
Uranium ex i s t s  in four v a le n c y  states ,  U 3+, U 4+, U 5+,and U 6+, the tetra  
and h e x a v a le n t  states  b e in g  pred om inan t  in nature.  The h ex a v a le n t  
state is dom inant  in o x i d i s i n g  e n v ir o n m en ts  such as surfic ia l  
mater ia ls  and rivers.  It is the  variable  v a le n c y  o f  uranium that  
largely  g o v ern s  its ch em is try  in the surf ic ia l  en v ironm ent .  As this  
study is main ly  c o n c e r n e d  with the d is tr ibut ion  and b e h a v io u r  ,of  
uranium in peat,  this  r ev iew  w i l l  co n cen tra te  on the b eh av iou r  and 
chem is try  o f  uranium, in rivers,  peat and organic  so i l s .
1 . 3 . 1 .  C h e m i s t r y  o f  U r a n i u m  in R i v e r s
Surface  waters ty p ic a l ly  conta in  0 .01 to 5 ppb uranium (R ogers  and  
A d a m s , 196 9 )  a l though  v a lu es  as high as 6 0 0  ppb have  been  reported  
(Garner,  1 972 ) .  Palmer, and E dm on d  ( 1 9 9 3 )  c a lcu la ted  a g loba l  average  
for uranium in river water,  arr iv ing at a va lu e  o f  0 .18  ppb. Lopatk ina
( 1 9 6 4 )  der ived  a re la t ion sh ip  b e tw e e n  the uranium c o n ten t  o f  riyer  
water,  the  uranium c o n te n t  o f  the  u n d e r ly in g  rock and the Total  
D i s s o l v e d  S o l id  (T D S)  c o n ten t  o f  the water:
U  wate r ( p p b )  =  0 . 0 0 2 . U r o c k ( p p m ) . T D S ( p p m )
■?
Halbach  et al  ( 1 9 8 0 )  found g o o d  agreement,  b e tw e e n  the va lu es  
d eterm ined  for uranium in s treams draining a granite region  ( 0 .4 2  -  0 .1 6  
ppb)  and those  p re d ic te d  by the Lopatk ina  re la t ion sh ip .  The s o lu b i l i t y  
o f  uranium in surface  waters is largely  d e p e n d e n t  on the v a l e n c e
state o f  uranium and the c h em ic a l  s p e c i e s  present  in the water.  
Uranium occu rs  in surface  ( fresh)  waters  as U 4+ and U 6+ (and to a 
much le s s e r  extent ,  U 5+). The work o f  Szab o  and Zape.cza (1 9 8 7 )  
es ta b l i s h e d  c o r r e la t io n ’s b e tw e e n  d i s s o l v e d  uranium co nten t  and both Eh 
and d i s s o l v e d  o x y g e n ,  con f irm in g  the fact  that uranium is m ost  s o lu b le  
in the  h e x a v a le n t  state,  d i s s o l v e d  uranium b e in g  usua l ly  in the  form 
o f  d i - a n d  tricarbonate uranyl s p e c i e s .  Dongarra (1 9 8 4 )  c o n c l u d e d  that 
uranium c ircu la t ion  in fresh water is c o n tro l l ed  by carbonate  
content .  Langmuir  ( 1 9 7 8 )  s h o w e d  that uranium may a lso  c o m p le x  
with f lu or ide ,  su lphate ,  hydroxyl  and p h o sp h a te  s p e c i e s  and that in 
the pH range 4 to 7.5,.  p h o sp h a te  c o m p l e x e s  may predominate .  
Holbert  et al  ( 1 9 9 5 )  found  that high l e v e l s  o f  uranium were a s s o c ia t e d  
with sam ples  co n ta in in g  both high su lphate  and high carbonate  leve ls .  
Z ie l in s k i  et a l  ( 1 9 8 8 )  c a lcu la ted  that in the dra inage  system  o f  a 
uranium rich organ ic  s ed im en t ,  carbonate  and p h osp h ate  c o m p le x e s ^ o f  
uranium were  the p redom inant  in organ ic  uranyl s p e c ie s .  D i a ly s i s  
ex p er im en ts  reported by Z ie l in s k i  ( 1 9 8 8 )  ind ica ted  that at least  s o m e  
uranium was a s so c ia te d  with m a c r o m o le c u la r  organic  part ic les .  The  
a s s o c ia t io n  o f  uranium w ith ,carbonate  in river water is supported  by D o i  
et al  (1 9 7 5 )  w ho found a re la t ionship  b e tw een  uranium c o n te n t  and 
carbonate  co n ten t  in Japanese  springs  and streams.  L on gw orth  et al  
( 1 9 8 9 )  s tud ied  the drainage  o f  a uranium rich organic  s o i l ,  e s ta b l i s h in g  
that a lm os t  all uranium in the drainage  sy s te m  was in true s o lu t io n  
(de f in ed  by the author as e x i s t i n g  as part ic les  with d iameters  le ss  than 2 
nm).  Smith  et al  ( 1 9 9 0 ) ,  s tud y ing  the same s ite  as L on gw orth ,  c o n c lu d e d  
that c o m p le x a t io n  by organ ic  mater ia ls  was the dom inant  m ode  o f  
o ccu rren ce  o f  uranium, in. the waters ,  the  c o m p l e x i n g  agents  be lng^low  
m o lec u la r  w e ig h t  fu lv ic  ac ids.
There  appears to be genera l  c o n s e n s u s  in the l i terature on the m ode^of  
o ccu rr en ce  o f  uranium in surf ic ia l  waters.  The majori ty  o f  researchers  
con cur  that uranium occurs  p red om in an t ly  in c o n ju n c t io n  with^ the
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inorganic  s p e c i e s  carbonate and p h osp h ate  and as organ ic  c o m p le x e s  
with humic  and f u lv i c .a c i d s .  A smaller  number o f  researchers  c o n c l u d e  
that the redox c o n d i t io n s  o f  the waters have s om e bearing  on the  
d i s s o l v e d  uranium content .
1 . 3 . 2 .  C h e m i s t r y  o f  U r a n i u m  in P e a t
The b eh av iou r  o f  uranium in various  so i l  types  has been  w e l l  
d o c u m e n te d  in the l i terature from about 1 9 50 .  L e s s  information ex i s t s  
on the chem is try  and b eh av iou r  o f  uranium in peat and organ ic  
so i l s .  K o c h e n o v  et al.(  1 9 6 5 )  ou t l in ed  a ser ie s  o f  features  o f  the  
occu rr en ce  o f  uranium in peat beds  o.verlying uranium rich areas:
•  the d is tr ibut ion  o f  uranium w ith in  the  beds  is irregular,  
dropping  to background le v e l s  b e tw e e n  areas o f  enr ichment ,  
w h ich  on ly  c o n s t i tu te  5 to 10% o f  the  total  bed
• the uranium is con cen trated  in the low er  parts o f  the,,bed,  
d e c r e a s in g  to background  towards  the  surface
• iron b eh aves  e x a c t ly  l ike  uranium with in  the peat prof i le
•  uranium en r ich m ents  are not  restricted  to any botan ica l  type o f  
peat
•  areas o f  uranium enrichment ,  l ie  on. the bottom o f  valleys^and  
g u l l i e s  and are u sua l ly  fed by streams or ground waters.
A l thou gh  this  paper appears to s u g g e s t  a. re la t ion sh ip  between ,  iron, and 
uranium, at least  in terms o f  their behav iour ,  no e v i d e n c e  is presen ted  to 
support this.  Many o f  K o c h e n o v ’s a s se r t io n s  are supported  by W il son  
( 1 9 8 4 )  w ho a lso  c o n c l u d e s  that uranium d is tr ibut ion  within  peat b ogs  is 
a lw ays  ex tre m e ly  h e te r o g e n o u s ,  h igh  uranium co n ten ts  usua l ly  be ing  
a s s o c ia t e d  with rad ioac t ive  springs  occurr ing  in uranium enr iched  
granite  regions .
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W h ile  such g e n e r a l i s a t io n s  are u se fu l ,  they  do not p ro v id e  information  
on the m ode  o f  en r ichm ent  o f  the peat b eyon d  the fact that the uranium  
appears to be in troduced  to the beds  by c ircu la t in g  water.  Sza lay  ( 1 9 6 4 )  
c o n c l u d e d  that the in s o lu b le  (in 0 . 5 M  NaOH) h um ic  acid  fraction o f  
peat  was main ly  r e s p o n s i b l e  for the  en r ich m ent  o f  uranium in peat by a 
cat ion  e x c h a n g e  process .  A lthough  this  argument has been  supported  ,by 
Titaeva  ( 1 9 6 7 ) ,  D o i  et al. ( 1 9 7 5 )  found that peat w h o s e  hu m ic  acid  
c o m p o n e n t  had been  rem oved  tended  to. adsorb more uranium from 
s o lu t io n  than peat w h o s e  hu m ic  ac ids  remained intact.  Id iz et al. (1 9 8 6 )  
concurs  with Sza lay ,  . f in d in g  that uranium, is the o n ly  metal, w h o s e  
en r ich m ent  in peat b ogs  is c o n tr o l l e d  by the  organ ic  com p on en t .  Halbach  
et al. ( 1 9 8 0 )  in v e s t ig a te d  the role o f  h u m ic  and fu lv ic  ac ids  in the  
m o b i l i sa t io n  and f ixa t ion  o f  uranium in a peat bog  and c o n c l u d e d  
that uranium is primarily rem oved  from, the granite  bedrock,  as a 
uranyl fu lvate  c o m p le x  but is f ixed  in the peat as a uranyl humate  
c o m p lex .  Hansen  and Stout  ( 1 9 6 8 )  pos tu la ted  that the strength wjth  
w h ich  uranium binds  to organ ic  material  in s o i l  is d ep en d en t  on the
degree,  o f .hu m if ica t ion .  e x h ib i t e d  by the organ ic  material .
/>
W h i le  the major ity  o f  work in this  area appears  to confirm the  
a s s o c ia t io n  b e tw e e n  uranium and the hu m ic  acid  c o m p o n e n t  o f  peat, 
l i tt le  work has been  c o m p le te d  on the m ode  o f  interact ion  
b etw een  uranium and the hu m ic  co m p o n en t .  A number o f  p r o c e s s e s  
have  been p rop osed  to a c c o u n t  for the  f ixa t ion  o f  uranium by 
organ ic  matter and hu m ic  acid.  Idiz et a l  ( 1 9 8 6 )  s u g g e s t s  a co m b in a t io n  
o f  ad sorpt ion ,  ca t ion  e x c h a n g e  and reduct ion .  G oldhaber  et al. ( 1 9 8 7 )  
character ised  the reduct ion  o f  the uranyl ion (U 0  22+i) by hydrogen  
s u lp h id e  (a typ ica l  red uc ing  agent  found in the an aerob ic  en v ir o nm en t
i
o f  a peat bog)  as a s l o w  p ro ces s  and h y p o t h e s i s e d  that the p rocess  
may be ca ta lysed  by adsorpt ion  o f  the uranyl.  ion  onto  mineral  
surfaces .  The f in d in g s  o f  D isnar  (1 9 8 1 ) ,  and Nash et al. (1 9 8 1 )  s u g g e s t  
that at en v ironm en ta l  temperatures  and w ith o u t  s ig n i f i c a n t  hydrogen
s u lp h id e  gen erat ion ,  uranium is f ixed  by rapid ion e x c h a n g e  and 
c o m p le x a t i o n  with the a c id i c  fu nct ion a l  groups  o f  humic  acid.  
Z ie l in s k i  and M eier  ( 1 9 8 8 )  found that uranium bound to hum ic  ac ids  
co u ld  on ly  be d i s p la c e d  by h igh ly  a c id i c  s o lu t io n s  or s o lu t io n s  
c oncen tra ted  in C 0 32’ and that uranium is f irmly f ixed  to humic  
acid in a non - e x c h a n g e a b le  manner.
A s ig n i f i c a n t  number o f  researchers  c o n c l u d e  that, at least  in s o m e  s o i l s ,  
am orphous  iron o x id e s  are the  major c o m p o n e n t  r e s p o n s ib le  for uranium  
enr ichment .  L o w s o n  et a l  ( 1 9 8 6 )  reported that up to 80% o f  the uranium  
in a so i l  der ived  from granite bedrock  was a s s o c ia t e d  with this  fraction.  
M egu m i  ( 1 9 7 9 ) ,  u s ing  am m onium  oxa la te  as the extrac t ing  agent ,  found  
that up to 50% o f  uranium in so i l  was a s s o c ia t e d  with am orphous  iron 
o x id e s ,  no trend in the proport ion be in g  ob served  with sam ple  depth.  
Starik et al  ( 1 9 5 8 )  s tud ied  the adsorpt ion  o f  uranium onto  ferric  
hy d ro x id es  and c o n c l u d e d  that maxim um adsorpt ion  occurred  at pH 5, 
reduced  adsorpt ion  b e in g  e x h ib i t e d  at pH va lu es  a b ove  and b e l o w  5. 
A m es  and Dhanpat  ( 1 9 7 8 )  c o n c l u d e  that Eh and pH are the factors  
co n tr o l l in g  uranium a ccu m u la t io n  in so i l  and peat,  Eh and pH b e in g  the  
d om inant  p r o c e s s e s  in the  contro l  o f  the b eh av iou r  o f  m a n g a n ese  and 
iron in such en v ironm ents .  B ear ing  in mind this  fact ,  it is not
u n reason ab le  to a s su m e  that the e f f ec t  o f  Eh and pH on uranium
adsorpt ion  is in d ic a t iv e  o f  it's b e in g  adsorbed  to iron and m a n g a n ese  
o x id e s  w ith in  the  soi l .  The majority o f  researchers  c o n c l u d e  that l i t t le  
uranium is held  as e x c h a n g e a b le  ca t ions ,  L o w s o n  et al  ( 1 9 8 6 )  f ind ing  
le ss  than 1%, M eg u m i  ( 1 9 7 9 )  o b s e r v in g  v a lu e s  le s s  than 0.8%. This  
c o n c l u s i o n  appears to contradic t  S z a l a y s ’ f in d in gs  (that uranium is 
primari ly bound by ca t ion  e x c h a n g e  p r o c e s s e s )  a l though  the  
con trad ic t ion  may be re s o lv e d  by bearing  in mind that a l though  uranium  
is bound by ca t ion  e x c h a n g e  it may not be e x c h a n g e a b le  on ce  bound^in
this  manner. In an earlier paper,  M egumi and Mamuro ( 1 9 7 7 )
h y p o t h e s i s e d  that the en r ich m e nt  or d ep le t io n  o f  rad io n u c l id e s
( in c lu d in g  uranium) in so i l  is a f fec ted  by the o x id e s  o f  m a n g a n e se  and  
iron. No in d ica t ion  is g ive n  o f  w hether  the “o x i d e s ” referred to are 
am orphous  ir o n /m a n g a n e s e  o x i d e s  or bog iron.  Their  a ssert ion  h o w e v e r  
that the e f f e c t  o f  th es e  o x id e s  is to reduce  uranium to the tetrav.alent  
state (from the m o b i le  h e x a v a le n t  state)  w o u ld  appear to po in t  to
i
am orphous  ir o n /m a n g a n e s e  o x id e s .  An a s s o c ia t io n  b e tw een  uranium and  
iron o x id e s  is a lso  ind ica ted  by Y ak o b en ch u k  ( 1 9 6 8 )  w ho ob served  a 
correlat ion,  b e tw e e n  uranium, l e v e l s  and o x id e s  o f  iron and alumin ium.
The capac i ty  o f  peat and hum ic  ac id  for uranium adsorpt ion  has been  
in v e s t ig a te d  by a number o f  researchers .  Sza lay  ( 1 9 5 8 )  reports capac i t ies  
o f  up to 3% (w /w ) ,  Armands  (1 9 6 7 )  arr iv ing  at a g e o c h e m i c a l  en r ich m ent  
factor (G.E .F .)  o f  1 0 , 0 0 0 ,  in a g reem en t  with S z a l a y ’s ( 1 9 6 4 )  p rop osed  
f igure o f  1 0 , 0 0 0 ,  the G.E.F.  b e in g  d e f in ed  as:
G.E.F.  =  [ . U 0 2 2 + ] P . . ,  /  [ U 0 2 2 + ] w a , e r
L opatkina  ( 1 9 6 7 ) . argues that the G.E.F.  c a lcu la ted  by Sza lay  was arrived  
at under  laboratory c o n d i t io n s  and that in nature,  the G.E.F.  can vary 
from 5 0 0  to 5 0 , 0 0 0  as the d i s s o l v e d  t o t a l ’salt  c o n ten t  varies  from 1 0 to 
9 0 0  ppm. Horrath ( 1 9 6 0 )  ca lcu la ted  en r ich m e n t  factors  o f  2 0 0  - 3 5 0  for 
peat,  th e s e  va lu es  d i f fer ing  s ig n i f i c a n t l y  from other researchers  f indings .
i
Read et ai  ( 1 9 9 3 )  in v e s t ig a te d  the capac i ty  o f  peat for uranium 
adsorption,  and c o n c l u d e d  that, at saturation,  peat co u ld  adsorb up to 
16% (w /w )  uranium, Lopatk ina  ( 1 9 6 7 )  arr iv ing at a s im ilar  value .
The m o b i l i ty  o f  uranium, w ith in  peat has been  in v e s t ig a te d  by a number
i
o f  researchers .  Burns  et al  ( 1 9 9 1 ) ,  s tud y in g  rad io n u c l id e  migrat ion  in 
s o i l s  in. America ,  c o n c l u d e d  that leaching,  is the main mechanism^ o f  
migration  for uranium. Subsurface  th r o u g h f lo w  is a lso  in d ica ted  as a 
migration  p ro ces s  on gradients .  It is worth n o t ing  h o w e v e r  that 214Bh the  
daughter  o f  222Rn, was used to d e term ine  uranium l e v e l s  in this  study.
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Given  the p o s s i b l e  lo s s  o f  radon from the so i l ,  and the probable  
d ise q u i l ib r iu m  b e tw een  226Ra and 238U, the  use  o f  this  i s o t o p e  may not  
have  p rov id ed  an accurate  p ic ture  o f  the b eh av iou r  o f  uranium in this  
in s tance .  D yck  ( 1 9 7 8 )  o b serv ed  radium so i l  a n o m a l ie s  d irect ly  over  
uranium d e p o s i t s  in southern Sask atch ew an ,  but the  a s so c ia t e d  uranium  
a n o m a l ie s  occurred d o w n h i l l  o f  the dep os i t ,  in the v a l l ey  f loor.  A lthough  
not stated in the report,  this  may provide  further e v i d e n c e  o f  the  
d o w n h i l l  subsurface  migrat ion  o f  uranium, at least  at the s i te  
in v e s t ig a te d  by D yck .  Sheppard ( 1 9 8 0 )  concurs  with Burns with resp ec t  
to subsurface  f l o w  and n otes  the p o s s i b i l i t y  o f  uranium migration  via  
part ic le  m o v e m e n ts  in w e l l  dra ined,  w e l l  w eath ered  so i l .  Halbach et al  
(1 9 8 0 )  id e n t i f i e d  a c id i c ,  o x i d i s i n g  surface  water as the agent  r e s p o n s ib le  
for uranium m o b i l i sa t io n  in peat o v e r ly in g  a granite  bedrock .  Landstrom  
and Sundblad  ( 1 9 8 6 )  c o n c l u d e d  that the l e a c h in g  o f  surrounding s o i l s  
and s u b s e q u e n t  in f lo w  (the nature o f  the in f low ,  su bsu rface  or surface ,  is 
not detailed) ,  to small ,  sw a m p y  d e p r e s s io n s  in a S w e d i s h  bog  was.  the  
sou rce  o f  e l e v a te d  uranium in the d e p r e s s io n s .  The fact  that uranium is 
on ly  c o n s id ered  m o b i le  in an o x id i s i n g  e n v ir o n m e n t  is h igh l ighted  by the  
work o f  Sheppard and Thibault  ( 1 9 8 8 )  on the migrat ion o f  rad io n u c l id e s  
in. mires.  Uranium appeared to be im m o b i l e  re la t ive  to a number._of  
r a d io n u c l id e s ,  the red uc ing  nature o f  the so i l  b e in g  c i ted  as the reason.
A lth ough  a s ig n i f i c a n t  number o f  papers on the o ccu rr en ce  o f  uranium.in  
peat are to be found in the l i terature,  a general  c o n s e n s u s  on the  
co n tr o l l in g  factors  of. uranium, en r ich m e n t  in peat d o e s  not  s e e m  to^be 
prevalent.  A lthough  the a s s o c ia t io n  o f  uranium with  the hum ic  acid  
fract ion o f  peat appears to be g e n era l ly  a c c e p te d ,  a s ig n i f i c a n t  number o f  
researchers  have  reported d if ferent f ind ings .  The majority o f  th e s e  
researchers  h ig h l ig h t  am orphous  so iLiron o x id e s  as the factor that w ould  
appear to be c o n tro l l in g  uranium le v e l s  w ith in  peat. The dispar ity  
b etw een  the f in d in gs  o f  the researchers  ind ica te s  that there is m ost  
probably  a high le ve l  o f  s ite  s p e c i f i c i t y  in re lation to the m e c h a n is m s
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co n tr o l l in g  uranium a c c u m u la t io n  in peat and organ ic  s o i l s .  A problem  
with laboratory s tud ies  o f  the a d s o r p t io n  o f  uranium to peat and hum ic  
acid is the e x c l u s i o n  o f  a broad range o f  parameters  preva i l in g  in natural  
s y s t e m s ,  from the s tud ies .  F ie ld  based  research .m ay therefore  prov ide  a 
better in d ica t ion  o f  the m ode  o f  in teract ion.  All researchers  agree  
h o w e v e r  that uranium is e s s e n t ia l l y  im m o b i l e  in a red uc ing  en v ir o n m en t  
but m o b i le  under o x id i s i n g  c o n d i t io n s .  There is a lso  agreem en t  on the  
m ig ra t io n .m ech a n is m  o f  uranium within  peat,  water f l o w  b e in g  the  agent  
r esp o n s ib le .
1.4.  C h e m i s t r y  o f  R a d i u m  in the  S u r f i c i a l  E n v i r o n m e n t
Radium,  w hich  is c h e m ic a l ly  s imi lar  to barium, has on ly  on e  ox id a t io n  
state,  +2.. Radium h y d ro x id e  (R a (O H ) 2) is the most s o lu b le  o f  all  the  
a lkal ine  earth h y d r o x id e s ,  in c l u d i n g  the h y d r o x id e s  o f  act in ium  and 
thorium.  The b icarbonate  and c h lo r id e  c o m p o u n d s  o f  radium, are all 
water s o lu b le ,  but radium co p r e c ip i ta t e s  with barium as the su lphate  or 
chromate.  Of  all the a lka l in e  earth meta ls ,  radium s h o w s  the least7 i
t e n d e n c y  for c o m p le x  format ion ,  a l th ough  S chubert  et a I (1 95 0) d e tec ted  
1:1 c o m p l e x e s  o f  radium with  c i tr ic ,  tartaric and s u c c i n i c  ac ids  in the  
pH range 7.2 to 7.4.
1 . 4 . 1 .  C h e m i s t r y  o f  R a d i u m  in R i v e r s
As s o m e  sal ts  o f  radium are s o lu b le  in water,  surfic ia l  waters may be  
enr ich ed  in radium. The radium con cen tra t io n  o f  river water ty p ica l ly  
l ies  in the range 1 0 ' 10 to 1 0 ' 11 jag/g (K o c z y ,  1 9 6 3 )  a l though  mineral  
spr ings  have been  s h o w n  to con ta in  7 4 8 x  1 0 " V g /g  (Gera,  1975) .  Szabo  
and Z a p e c z a  ( 1 9 8 7 )  found s ig n i f i c a n t  corre la t ion  b e tw e e n  226Ra and iron, 
m anganese , ,  b icarbonate  and barium in ground and spring waters,  a lso  
c o n c l u d in g  that Eh and d i s s o l v e d  o x y g e n  are important  con tro ls  over
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l e v e l s  o f  the r a d io n u c l id e  in water.  H olbert  et a l  ( 1 9 9 5 )  e s ta b l i s h e d  a
22  6re la t ion sh ip  b e tw e e n  total  d i s s o l v e d  s o l id s  (T .D .S . )  and Ra, a lso  
c o n c l u d in g  that e l ev a ted  uranium l e v e l s  ( in waters)  do not occur  
con current ly  with  e lev a ted  226Ra. M ic h e l  ( 1 9 9 0 )  a lso  found a correla t ion  
b e tw e e n  226Ra in water and T .D.S .
Litt le,  e v i d e n c e  e x i s t s  in the  l i terature o f  any s ig n i f i c a n t  am ount  o f  work  
having  b e in g  c o m p le te d  into the o ccu rr en ce  o f  radium in surface fresh  
waters,  the main em ph as i s  h aving  b e in g  on the a s s e s s m e n t  o f  l e v e l s  and 
b ehav iou r  o f  radium in groundwater  from a hea lth  p h y s i c s  p ersp ec t ive .  
As with  uranium,  Eh and pH, a lo n g  with the co n c e n tr a t io n  of. various  
inorgan ic  s p e c i e s  such  as b icarbonate ,  appear to be the co n tr o l l in g  
factors in re lation  to the con cen tra t ion  o f  radium in surface  fresh waters.
1 . 4 .2 .  C h e m i s t r y  o f  R a d i u m  in P e a t
Radium is present  as R a2+ over  the normal s o i l  pH range o f  4 to 8. 
A lth ou gh  radium s h o w s  l i tt le  t e n d e n c y  to form co m p lex e s .  (S chubert  et 
a 1, 19 5 0 ) ,  Granger et a l  ( 1 9 6 1 )  s h o w e d  that it may be e x p e c te d  to rep lace  
other d iva le n t  ca t ion s  in rep lacem en t  reac t ions .  Arnold  and Crouse
( 1 9 6 5 )  obta ined  a corre lat ion  b e tw e e n  radium ad sorp t ion  and ca t ion  
e x c h a n g e  capac i ty ,  the le a c h in g  s tud ie s  o f  H av l ik  et al  ( 1 9 6 8 )  
s upport ing  the v i e w  that ca t ion  e x c h a n g e  is an important  m ech an ism  for 
radium adsorption .  M eg u m i  ( 1 9 7 9 )  e s ta b l i s h e d  that, un l ike  uranium, or 
thorium, radium may have  a s ig n i f i c a n t  occu rr en ce  as an e x c h a n g e a b le  
ion.  Nathwani and P h i l l ip s  (1.979a.) s h o w e d  that organ ic  matter was the  
c o m p o n e n t  o f  so i l  r e s p o n s i b l e  for radium adsorption  and that s o i l s  with a 
l o w  cat ion  e x c h a n g e  capac i ty  ex h ib i t e d  reduced  ab i l i ty  for adsorption.  
T itaeva  (1 9 6 7 )  s tudied  the nature o f  radium b on d in g  in peat and 
c o n c l u d e d  that radium is largely  a s s o c ia t e d  with  the organic  res id ues  
that are i n s o lu b le  in d i lu te  NaOH, by a p rocess  in v o lv i n g  ion e x ch a n g e .  
A further c o n c l u s i o n  h o w e v er ,  is that in the  p r e s e n c e  o f  high so i l  w,ater
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ca lc iu m  c o n cen tra t io n s ,  the radium b e c o m e s  u n ex c h a n g e a b le .  Nathwani
2+
and P h i l l ip s  ( 1 9 7 9 b )  c o n c l u d e d  that in the p r e s e n c e  o f  e l eva ted  Ca, , 
radium, adsorpt ion  by s o i l s  from water was s e v e r e ly  retarded.  Greeman  
and R o s e  ( 1 9 9 0 )  found  that,  in a so i l  der ived  from carbonate rock,  up!to  
24% o f  the t o t a l r a d i u m  was  a s s o c ia t e d  w i th .o r g a n ic  soil,  fract ions,  and 
h um if ied  matter.
T askayev  et al  ( 1 9 7 8 )  s tud ied  the  s p e c ia t io n  o f  226Ra in s o i l s  e x h ib i t in g  
higK co n cen tra t io ns  o f  the isotope , ,  co n c lu d in g . th a t  226Ra is f irmly  f ixed  
within  the so i l ,  and that the ratio o f  the water s o lu b le  and e x c h a n g e a b le  
proport ions  var ies  s ig n i f i c a n t l y  with, depth.  A further c o n c l u s i o n  was  
that organic  ac ids  present  in the s o i l  in crease  the m o b i l i t y  o f  the i s o to p e ,  
no reason for this  en h a n ced  m o b i l i ty  b e in g  g ive n  in the report.
1 .5.  C h e m i s t r y  o f  T h o r i u m  in the  S u r f i c i a l  E n v i r o n m e n t
O f  the s ix  thorium i s o to p e s  found in nature,  on ly  T h 2"52 is o f  quant i ta t ive  
im portance ,  the other i s o to p e s  b e in g  re la t ive ly  minor c o m p o n e n t s  o f  the  
three decay  ser ie s .  Thorium only  occurs  in the +4  v a le n c y  state in 
nature.  Thorium forms i n s o lu b le  h y d r o x id e s ,  f luor ides  and p h o sp h a tes ,  
w h i le  s o lu b le  thorium c o m p o u n d s  in c lu d e  nitrate,  su lphate  and ch lor ide .  
Thorium a lso  forms metal,  c o m p le x e s ,  with, ci tr ic  and o x a l i c  ac ids  and 
s u b s ta n ces  such as acety l  ace ton e .  The am ount  o f  l i terature referring to 
thorium .in the e n v ir o n m en t  re f lec ts  the re la t ive  un.- importance attached  
to this  e l e m e n t  compared  to uranium and radium.
1 . 5 . 1 .  C h e m i s t r y  o f  T h o r i u m  in R i v e r s
Thorium is found in very lo w  c o n c e n tr a t io n s  in freshwaters .  Kamath et 
a I ( 1 9 6 4 )  determ ined  l e v e l s  o f  1.1 -  2 .7  ppb in surface  waters  of. a. reg ion  
in India.  T h e s e  f igures  are am ong  the h ig h e s t  reported v a lu es  for water  
taken from non -uran i ferou s  reg ion s ,  typ ica l  v a lu es  b e in g  in.the region  o f
0 .0 0 8  to 0.9 ppb (M iyake  et al, 196 4 ,  D e m e n t y e v  and S yrom yatn ikov ,  
1965) .  Garner (1 9 7 2 )  h y p o t h e s i s e d  that the  lo w  o c c u r r e n c e  o f  thorium in 
surface  waters is due to thorium b e in g  readi ly  adsorbed  by s o l id  
c o m p o n e n t s  in. water,  and its b e in g  prec ip i ta ted  out  o f  so lu t ion ,  as the  
hydrox ide .  D e m e n t y e v  and S yrom yatn ik ov  ( 1 9 6 5 )  e s ta b l i s h e d  that  
a p p rox im ate ly  50% o f  thor ium in groundwater  ex i s t s  as carbonate,  a i^d 
p h osp h ate  c o m p l e x e s ,  the  remainder  b e in g  adsorb ed  onto  part iculates.  
Si l ien and Martel  1 ( 1 9 6 4 )  ca lcu la ted  that thorium has very low  s o lu b i l i t y  
in water at pH v a lu e s  greater than 5, T h (O H )4 b e in g  the dom inant  
s p e c i e s  a b ove  pH 5. Langm uir  and Herman ( 1 9 8 0 ) ,  in what cou ld  
p o s s i b l y  be regarded as one  o f  the d e f in i t iv e  papers on the su bjec t ,  
support the f in d in g s  o f  S i l len .  and Marte l l ,  and a l so  make. a. n u m b e r .o f  
va lu ab le  po in ts .  The authors  assert  that at pH v a lu es  from 5 - 9 ,  thorium  
rarely e x h ib i t s  c o n c e n tr a t io n s  in natural waters  greater than 1 p pb .d u e  
to the in s o lu b i l i t y  o f  its parent minerals  ( thor ian ite  and m o n a z i t e )  and  
strong a d s o r p t io n .o f  thorium, by naturaL materials .  They  a lso  h y p o t h e s i s e  
that many o f  the re la t ive ly  h igh v a lu es  for thorium in water,  reported in 
the l i terature,  are due to the sam ples  c o n ta in in g  thorium adsorbed  on 
part icu lates  w h ich  have  not  been  rem oved  prior to analys is .
The l i terature con ta in s  re la t ive ly  l i t t le  in form at ion  on the occurrence^of  
thorium in freshwater .  The majori ty o f  the s tu d ie s  that do ex i s t  c o n s i s t  
o f  th erm od yn am ic  an a ly s e s  regarding thorium s p e c i e s  s o lu b i l i t i e s .  It can  
be inferred h o w e v e r ,  that the  c o n cen tra t io n  o f  thorium in the majori ty  o f  
freshwaters  is e x tre m e ly  lo w  g iv e n  it's t e n d e n c y  to form the in s o lu b le  
h yd rox ide  and it's strong a s s o c ia t io n  with water borne organ ic  matter.
1 . 5 .2 .  C h e m i s t r y  o f  T h o r i u m  in P e a t
Thorium in organ ic  s o i l s  tends  to be present  as i n s o lu b le  o x id e s  and 
hyd rox id es  o f  m a n g a n ese  and iron ( S c h u lz ,  1 9 6 5 ) ,  Ranc.on ( 1 9 7 3 )  
es ta b l i s h in g  that s trong h u m ic  and fu lv ic  c o m p l e x e s  with thor ium occur
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in a c id ic  s o i l s .  This  re la t ion sh ip  b e tw e e n  h u m ic  c o m p o n e n t s  o f  s o i l  and 
thor ium is supported  by H an sen  and H un t in gton  ( 1 9 6 9 )  but coun tered ,by  
Tyuryukanova  and K alug in a  ( 1 9 7 1 ) ,  w ho e s ta b l i s h e d  that so i l s  high,  in 
h u m ic  ac ids  (peats  and mounta in  p o d s o l s )  had lo w  thorium l e v e l s  
re la t ive  to a l luv ia l  s o i l s .  This  l o w  le v e l  o f  thorium in peat is a scr ibed  to 
the weak a s s im i la t io n  o f  thorium in plant s p e c i e s  that pop ula te  organic  
s o i l s ,  the decay  products  o f  w hich  c o n s t i tu te  a major proport ion o f  peat.  
R ancon  ( 1 9 7 3 )  deta i led  four p r o c e s s e s  g o v e r n in g  so i l - th or iu m  
in terac t ions ,  (1)  T h (O H )4 prec ip i ta t ion ,  (2 )  ad sorpt ion  from dilu te  
s o lu t io n s  onto  c lay  s o i l s ,  (3)  adsorpt ion  to organic  c o m p o n e n t s  under  
a c id ic  c o n d i t io n s ,  and (4)  lo w  adsorpt ion  under a lka l ine  c o n d i t io n s  due  
to the d i s s o lu t io n  o f  humic  ac ids .  The strength  o f  the hum ic- th or ium  
a s s o c ia t io n  was h ig h l ig h te d  by B o n d ie t t i  ( 1 9 7 4 )  u s in g  a ca lc iu m  citrate  
s o lu t io n  to desorb  thorium from so i l .  This  so lu t io n  desorb ed  3 0 % , o f  
thorium from m o n tm o r i l l o n i te  and k ao l in i t e  but co u ld  on ly  desorb 1% 
from, a ca lc ium  humate material .
In direct  contras t  to uranium,  s o lu t io n a l  transport o f  thorium with in  so i l  
is a re la t ive ly  unimportant  p rocess .  The major m od e  o f  thorium transport  
is by part ic le  m o v e m e n t  with in  the so i l ,  Baranov  et a l  ( 1 9 6 4 )  c o n c l u d in g  
that thorium transport occu rs  largely  in the c o l lo id a l  state.  V erk ovskaja  
et al  ( 1 9 6 7 )  determ ined  that plant c y c l in g  o f  thor ium was not as 
important  as for radium in the m o v e m e n t  o f  the e l e m e n t  in so i l .  The  
im m o b i l i ty  o f  thorium within  peat is r e f l ec ted  in the s u g g e s t i o n  by 
Landstrom and Sundblad  ( 1 9 8 6 )  that 228R a /2j2Th d i s eq u i l ib r iu m  ratios 
cou ld  be used in p lo t t in g  recent  water  f lo w  w ith in  bogs .
1.6.  U r a n i u m  S e r i e s  D i s e q u i l i b r i u m
G enera l ly ,  a rad io a c t iv e  decay  s er ie s  is said to be in s ecu la r  equi l ibr ium  
when the a c t iv i t i e s  o f  all daughter products  equal that o f  the init ial  
parent.  A state o f  d i s e q u i l ib r iu m  ex i s t s  i f  one  or more  o f  the daughters
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are rem o v e d  from the d ecay  ser ie s  by a p rocess  other than rad ioac t ive  
decay ,  in. the surf ic ia l  en v ir on m en t ,  su ch  p r o c e s s e s  typ ica l ly  i n v o lv e  
d if fu s io n  o f  the g a s e o u s  members  o f  decay  ser ie s ,  i.e.  the Rn i s o t o p e s ,  
migrat ion  o f  daughter n u c l id e s  in s o lu t io n  and d if ferent ia l  uptake o f  
daughter  n u c l id e s  by plants .
F i g u r e . 5. D e c a y  s c h e m e  for (a) 238U and (b) 232Th
1 . 6 . 1 .  U r a n i u m  S e r i e s  D i s e q u i l i b r i u m  in So i l
Four p r o c e s s e s  are g en era l ly  a c c e p te d  as g iv in g  rise to d is eq u i l ib r iu m  in 
the uranium d ecay  ser ie s  in the surf ic ia l  env ironment:
D i f f u s i o n  o f  D a u g h t e r s .  D i f f u s i o n  o f  radon at a s o i l - g a s  in terface  alloyvs  
e s c a p e  o f  the gas from the d eca y  chain ,  p ro d u c in g  d is eq u i l ib r iu m  
c o n d i t io n s  in the s u b s e q u e n t  daughters,  re la t ive  to the n u c l id e s  
p r ece d in g  radon. D i f f u s i o n  o f  non g a s e o u s  daughters  across  s o i l -w a te r
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boundaries  may a lso  result  in d i seq u i l ibr iu m  e s p e c i a l l y  if  the h a l f - l i f e  o f  
the daughter  is long  and the ratio o f  the daughters  con cen tra t io n  in the  
two p hases  is high.
Alpha.  R e c o i l .  The h igh e n erg ie s  o f  the alpha part ic les  em it ted ,  by 
mem bers  o f  the  uranium d ecay  ser ie s  (4 -9  M e V )  result s  in daughters  
re c o i l i n g  (under the Law  o f  C onser va t ion  o f  M o m e n tu m )  up to d i s ta n ces  
o f  20 nm or more ( Ivan ov ich  and Harmon, 1992 ) .  R e c o i l  over  such  
d is ta n c e s  is,  in s o m e  c a s e s ,  s u f f i c i e n t  to propel  a daughter n u c l id e  out  
of,  for ex a m p le ,  a s o i l  part ic le  into a l iqu id  phase ,  thus rem o v in g  the  
daughter  from the system.  The p ro ces s  o f  alpha reco i l  has been  used^to
* * 234 238exp la in  d i s eq u i l ib r iu m  b e tw e e n  U and U in s y s te m s  where  s e l e c t i v e  
l e a c h in g  has not occurred  (O sm ond  and Cowart,  1 976 ) .
S z i l a r d - C h a l m e r s  Ef f ec t .  A re lated  p h e n o m e n o n  is that o f  the Sz i lard-  
Chalmers  e f fec t  or 4 v u ln era b i l i ty  to l e a c h i n g ’. A lpha  reco il  o f  a daughter  
n u c l id e  through a crystal  la t t i ce  p rod uces  damage a lo n g  the reco i l  path.  
S u b s e q u e n t  ch an ges  to the daughters  e l e c t r o n ic  c on f igu ra t ion ,  c o m b in e d  
with the damage to the la t t ice  can increase  the s u s c e p t i b i l i t y  of. the  
n u c l id e  to le ach ing .
D i s s o l u t i o n  and P r e c i p i t a t i o n .  Perhaps the m ost  important p rocess  
c a u s in g  d i seq u i l ibr iu m  in the uranium d eca y  ser ie s  in so i l  is s e l e c t i v e  
le a c h in g  o f  daughters  by p e rco la t in g  so i l  water.  Under  cer ta in  co n d i t io n s  
o f  Eh and pH, uranium and other i s o t o p e s  e x h ib i t  greater s o lu b i l i t y  than,  
most  notably ,  radium and thorium. This  fact  leads  to the r e m o v a L o f  
uranium as it is d i s s o lv e d  and carried away by so i l  water,  and,  
c o n v e r s e l y ,  enr ichm ent  o f  uranium as the so i l  water enters a region  
where  ch e m ic a l  c o n d i t io n s  favour its p rec ip i ta t ion .  226R a /238U 
d iseq u i l ibr iu m  in so i l  is large ly  due to the p r o c e s s  o f  s e l e c t i v e  l e a c h in g  
and d e p o s i t io n .  Uranium is m o b i le  under o x id i s i n g  c o n d i t io n s  whereas  
radium, and its parent n u c l id e  230Th, are e s s e n t ia l l y  im m o b i l e  in the
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surf ic ia l  en v ironm ent .  This p ro ces s  has b een  id e n t i f i e d  as c a u s in g  
d ise q u i l ib r iu m  in y o u n g  organ ic  uranium d e p o s i t s  (Z ie l in s k i  et a / , 1 9 8 6 ,  
L e v i n s o n  et a l , 1 984 ) .  M e g u m i  ( 1 9 7 9 )  asserted  that d is eq u i l ib r iu m  in the 
U decay  ser ie s  (prior to Rn ~ ) is due primari ly to the im m o b i l i ty  o f  
2^°Th Greeman and R o s e  ( 1 9 9 0 )  s tud ied  rad ioac t ive  d i s eq u i l ib r iu m  in 
the 238U ser ies  for a number o f  so i l s  and c o n c l u d e d  that in the surfacei
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h o r iz o ns  o f  s o i l ,  Ra e x c e s s  cou ld  be attributed to the c y c l in g  o f  Ra  
by plants ,  l e ad in g  to an in crease  in the  i s o t o p e  re la t ive  to 238U. This  
v ie w  appears to be supported  by T ask ayev  et al  ( 1 9 7 7 )  w ho points  o,ut 
that, re la t ive  to s o i l ,  radium is le ss  s tron g ly  bound m plant t i s s u es  and  
s o i l  l i tter and the m o b i l i t y  o f  the i s o to p e  may be increased  at the so i l  
surface  due to d ecay  o f  radium bear ing plant material .  V o n  Gunten  et al  
(1 9 9 6 )  o b serv ed  226Ra a c t iv i t i e s  a factor o f  20  a b o v e  the a c t iv i ty  o f  238U 
in a karst reg ion  o f  Sw i tzer lan d  and p ro p o s ed  that,  f o l l o w i n g  c o n t in u o u s  
w eath er ing  o f  ca l c i t e  part ic les ,  uranium was los t  from the soil,  as the  
s o l u b le  carbonate co m p le x ,  226Ra be ing  reta ined within  the soi l ,  de Jong  
et al  ( 1 9 9 3 )  h y p o t h e s i s e d  that the 226R a / 238U d iseq u i l ib r iu m  in a 
S askatchew an  s o i l  was probably  due to the m ode  o f  d e p o s i t io n  o f  the  
parent material  rather than s u b s e q u e n t  s e l e c t i v e  l e a c h in g  o f  m e m b e r s ,o f  
the  ser ie s .  T itaeva  and V e k s le r  ( 1 9 7 7 )  d i s c u s s  the  p o s s i b i l i t y  o f  226Ra 
e x c e s s  b e in g  due to the  d e p o s i t io n  o f  226Ra from water onto  the surface  
o f  w eath ered  part ic les  but of fer  no c o n c l u s i v e  proof.
Ivan ov ich  and Harmon ( 1 9 9 2 )  state c a te g o r ic a l ly  that in s o i l s  s u bjec t  to 
l e a ch in g ,  the primary cau se  o f  rad ioac t ive  d is eq u i l ib r iu m  is the removal  
o f  uranium re la t ive  to thorium and im m o b i l e  daughters .  A s e c o n d  
s ta tem en t  is that in marshy,  red u c in g  en v ir o n m en ts ,  radium may be more  
m o b i le  than uranium c a u s in g  a d if ferent  pattern o f  d iseq u i l ib r iu m  to 
arise.
29
1.7 .  S u m m a r y  o f  R e l e v a n t  L i t e r a t u r e
The majori ty  o f  p rev iou s  work on the o ccu rr en ce  o f  natural rad ionucl ides  
in peat and organ ic  s o i l s  fa l l s  into two ca tegor ies .  The first con cer ns  
i t s e l f  with  the genera l  d is tr ibut ion  o f  ra d io n u c l id e s  w ith in  peat bogs
i
( K o c h e n o v  et a l , 1 9 6 5 ) ,  the s e c o n d  b e in g  the d es cr ip t io n  o f  the m o d e s  o f  
o ccu rr en ce  o f  the rad io n u c l id e s  within  the peat  in re lation to the  
c o n s t i tu e n t s  o f  peat  r e s p o n s i b le  for ra d io n u c l id e  re tent ion  and
en r ich m ent  (S za lay ,  1964) ,  M o s t  o f  the authors  con tr ib u t ing  to the
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former agree  on the broad features  o f  ra d io n u c l id e  occu rr en ce  with in  
peat b ogs ,  that r a d io n u c l id e  d is tr ibut ion  is primari ly con tro l l ed  by 
g e o l o g y  and drainage patterns within  the bog.  R a d i o n u c l id e  en r ich m e n t  
therefore  occurs  in.areas where  dra inage water c o l l e c t s ,  at the bot tom  o f  
peat beds  and on the f loors  o f  v a l l e y s ,  areas o f  enr ichm ent  often  
occurr ing  s o m e  d is tan ce  away from b ed rock  co n ta in in g  e leva ted  levels^of  
th es e  n u c l id es .  This agrees  to a large ex ten t  with the n o t ion  o f  uranium  
b e in g  m o b i le  in an o x i d i s i n g  surf ic ia l  en v ir o n m en t ,  c o n c o m ita n t  
en r ich m ent  o f  other n u c l id e s ,  primari ly 226Ra, b e in g  due to ingrowth.  
M ost  authors agree on th is  m o b i l i t y  o f  uranium and the re la t ive  
im m o b i l i ty  o f  radium and thor ium in the same en v ironm en t .  The primary 
p r o c e s s e s  i n v o lv e d  in the retent ion  o f  th e s e  n u c l id e s  w ith in  peat appear  
to be prec ip i ta t ion  o f  thorium as the h yd rox id e  and radium as the  
su lphate .  Thor ium and radium are a lso  s tron g ly  bou nd  by organ ic  matter,  
most  probably  in the humic  acid  c o m p o n e n t  o f  the so i l .
This  leve l  o f  c o n s e n s u s  is not e n c o u n te r e d  on the matter o f  the  
s p e c ia t i o n  o f  r a d io n u c l id es  w ith in  the peat  it sel f .  The arguments  for.the  
a s s o c ia t io n  o f  uranium with  organ ic  matter ( s p e c i f i c a l ly  hum ic  ac id s )  
and am orphous  iron o x id e s  both  re ly  on the result s  o f  f ie ld  and  
laboratory s tu d ie s  c o n d u c te d  over  many years and in many dif ferent  
countr ies .  S tu d ie s  o f  the enr ich m e n t  o f  peat with  natural r a d io n u c l id es  
based  on laboratory  work only ,  tend to agree that hu m ic  ac ids  are the
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primary agents  for the adsorpt ion  and enr ich m e n t  o f  r a d io n u c l id es .  Fie ld  
based  s tud ies  h o w e v e r ,  d if fer great ly  in their  f in d in g s ,  the a s s o c ia t io n  
b e tw e e n  uranium ser ies  n u c l id e s  and am orphous  iron o x id e s  b e in g  
p rop osed ,  to a greater or l e s s e r  ex tent ,  as the primary agent.  This  
c o n f l i c t  is probably  e v i d e n c e  o f  a certain s ite  s p e c i f i c i t y  or at least  a 
re la t ion  based  on so i l  types  or groups and re f l ec ts  the d i f f icu l ty  in 
m aking co m p a r is o n s  on the b eh av iou r  o f  a s p e c i e s  w h ich  is g o v e r n e d  by 
a w id e  var ie ty o f  c o n tr o l l in g  factors .  The c h e m ic a l  nature o f  the  
re la t ionsh ip  b e tw e e n  natural ra d io n u c l id e s  and h u m ic  ac ids  is a lso  the  
su bjec t  o f  much c o n te n t io n ,  the majori ty  o f  authors  p r o p o s in g  a range, o f  
m e c h a n is m s ,  such as i o n - e x c h a n g e ,  reduct ion  and c o m p le x a t io n  as the  
primary means o f  incorporat ion  o f  ra d io n u c l id es  onto  hum ic  ac id s ,  a 
su bs ta n ce  w h o s e  nature and ch e m ic a l  character is t ic s  have  st i l l  to be fully  
in ves t iga ted .
Lit t le  or no p rev ious  in formation  ex i s t s  on the s p e c i f i c  c a u ses  o f  
uranium ser ies  d i seq u i l ib r iu m  in organic  s o i l s  or peat bogs .  This  ar ises  
from the nature o f  s tud ies  on r ad ion u c l id e  a c c u m u la t io n  with in  peat  
bogs .  The majority o f  such s tud ies  have b een  ei ther  c o n d u c te d  or funded  
by parties in terested  in the lo c a t io n  o f  v ia b le  uranium d ep o s i t s .  T^ he
cau se  o f  rad ioac t ive  d is eq u i l ib r iu m  in the uranium d ecay  ser ie s  (prior to
222Rn) a lso  remains  the subjec t  o f  much d i s c u s s i o n .  This is perhaps  due  
to the  number o f  ra d io n u c l id e s  in the  ser ie s  b e tw e e n  238U and 226Ra and 
the number o f  p o s s i b l e  m e c h a n is m s  by w h ich  d i seq u i l ib r iu m  may occur  
b e tw e e n  any tw o  mem bers  o f  the  ser ie s.  M any  authors  in v e s t ig a te  
s p e c i f i c  pairs o f  n u c l id e s ,  such as 230Th and 2j8U and then at tempt to 
apply  the p er c e iv e d  reason s  for the  d is eq u i l ib r iu m  b e tw e e n  the two  
s tud ied  n u c l id e s  to other  pairs, such as 238U and 226Ra. This results  in 
c o n f l i c t s  b e tw e e n  var ious  authors on the nature and c a u ses  o f  the  
d isequ i l ibr iu m .  S o m e  information  may be g le a n e d  from reports o f  
g e o c h e m i c a l  p rosp ec tors  en co u n te r in g  radiometr ic  a n o m a l ie s  in peat  
areas that conta in  l i t t le  actual  uranium. L o s s  o f  uranium by u n s p e c i f i e d
p r o c e s s e s  is invariably  c i te d  as the ca u se  with l i t t le  or no e v i d e n c e  o f  
this  fact  b e in g  g iv e n  in the reports.  A l th ou gh  such reports rarely d i s c u s s  
result s  not d irect ly  co n c e r n e d  with  the lo c a t io n  o f  ore d e p o s i t s ,  it is 
probable  that at least  s o m e  o f  th e s e  authors have  e v i d e n c e  that uranium
226  23 8lo s s ,  as o p p o s e d  to radium enr ichment ,  is in d eed  the ca u se  o f  Ra/  U 
secu lar  d iseq u i l ibr iu m .
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2.0. GEOSTATISTICS: THEORY AND PRACTICE.
2.1 .  In tro d u ct io n
Empirically described by Krige (1951) and theoretically grounded 
by Matheron (1963), geostatistical methods were initially employed 
in the field for which they were developed, ore reserve 
estimation. In the past two decades the methods have been 
increasingly applied to the problem of pollution assessment and 
the mapping of environmental variables, the surge in interest being 
reflected in the increase in the amount of literature on the 
application of geostatistics in the field of environmental monitoring.
Traditional methods of  estimation and interpolation have relied ,on 
two distinct approaches, the “area of influence” method and 
classical statistical treatments. The former utilises both the spatial 
position of the known samples and the value of the variable at 
those points, the latter adheres to classical statistical theory , by 
assuming the known sample values to be random observations 
drawn from a given population, no regard being given to the 
spatial location of the samples. Both methods have proven to be 
far from ideal for a number of reasons. The “area of influence” 
method, typically demonstrated in polygonal estimation, is unable 
to produce confidence limits or a measure of the reliability of the 
produced estimates. Although classical statistics are in a position 
to produce such values, the spatial location of the samples, is 
ignored in the estimation procedure, an omission which was 
deemed undesirable by the geologists using the techniques for the 
purpose of reserve valuation.
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1In an attempt to produce an estimation method that incorporated 
both the value and position of known samples in the production 
of estimates and provided a measure of the estimates reliability, 
Matheron (1970) conceived of the concept of “Regionalised 
Variables”. A random variable is a variable that varies in^ a 
probabilistic manner between individual samples. A regionalised 
variable is a random variable that varies in value according to its 
location within some predetermined area, i.e. an ore body, or 
survey region. Journel and Huybregts (1978) define the ^two 
components of a regionalised variable:
i. an observation of  the variable at point Wi within the greater 
area w, is a realisation of  a random variable Z(wJ for the 
point Wi . This component is random in that the set of random 
variables for every point within w is a random function.
\
ii. the random variables for two locations, w, and Wi+h (separated 
by vector h) are not considered independent, i.e. Z(wi) and 
Z(wj+h) are spatially correlated.
The description of regionalized variables provided above is a 
mathematical expression of the phenomena intuitively recognised b^y 
many practitioners of environmental monitoring, that samples 
separated by great distances are usually more dissimilar than 
samples separated by smaller distances.
* 2 .3 .  The In tr in s ic  H y p o t h e s i s
Geostatistical methods involve the analysis of the spatial 
correlation of the variable in question and the production, of
*
2.2. Regionalised Variables.
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estimates for unsampled locations based on the extent and nature 
of the spatial correlation. The former is achieved using a 
technique known as semi-variogram analysis, the latter employing 
a procedure known as kriging. Both these methods rely on the data 
set being used fulfilling the intrinsic hypothesis. This hypothesis is 
generally satisfied if:
i. the expectation value of the difference between two points, Wi 
and Wi+h, separated by a vector h, should be zero
ii. the variance of the differences between points separated by, the 
vector h is only a function of the magnitude of the vector.
Var[Z(wi+h) - Z(wi)] = 2 yh , [ 1 ]
where y is the semi-variogram value.
The initial assumption of the intrinsic hypothesis is best explained with 
the use of an example. A number of samples, all spatially separated by a 
vector h, are analysed for a variable denoted q. If the difference in the 
value of q exhibited by samples separated by h is only a function of h, 
then the distribution of the differences depends on h and hence the mean 
and variance of the distribution also depend on h. The mean difference, 
a*(h), between points (denoted w) can be established by:
a*(h) = £ t o ( M0 ~ fa (M' + A) ] X
where n is the number of points.
The term a*(h) can also be deemed the ‘expected’ difference between 
samples separated by the vector h. If this value is zero then no 
difference is expected between samples separated by h. In practical 
terms this means that in an area determined by the magnitude of h,. all
samples should exhibit similar values for the variable q. If this is not 
true then a trend is said to exist within the area, or the expected 
difference between two points does not equal zero.
The second part of the intrinsic hypothesis concerns itself with the 
concept of “stationarity of  difference”. If the above example is 
implemented again, the variance of the distribution of the differences 
between samples separated by a vector h may be given by 2 y(h), also 
called the variogram value. This value should only be a function of the 
magnitude of h and not the direction or location of  h within the study 
area.
The extent to which the fulfilment of the conditions of the intrinsic 
hypothesis affect the implementation of geostatistical procedures 
remains unclear from the examples provided in the literature. Although 
many researchers include a statement of the intrinsic hypothesis in their 
articles (McBratney and Laslett, 1993, Einax and Soldt, 1 995), none give 
any indication of  their having tested their data for fulfilment of the 
conditions. The presence of a trend in a data set is often given as, a 
reason for the implementation of advanced data modifications to remove 
or model the trend (Flatman and Yfantis, 1984). Clarke (1979), in one of  
the standard texts on the subject, states that trends in a data set are not a 
problem insofar as they may manifest themselves at distances which are 
great enough that they do not pose a problem for local estimation. Clarke 
also states that there is no statistical test for stationarity, and that 
stationarity within a data set may only be assumed and not proven. 
Stationarity is a function of the random component of the spatial 
structure, not the data itself, and a test would therefore require multiple 
realisations of the random function, a feat not possible in practice.
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2.4. The Semi-variogram
The extent and form of the spatial correlation of the data set is 
investigated using semi-variogram analysis. The semi-variogram is a 
graphical representation of how the similarity between variable 
values varies as a function of the distance (and direction) 
separating them. The t h e o r e t i c a l  semi-variogram is a plot of one 
half of  the variance of the differences in variable values (y axis) 
as a function of the distance, or “lag”, separating pairs of points 
(x axis), the general equation for the semi-variance being:
y(h) = (l/2n(h)i=i) -  [q(wi+h) -  q(wj) ] 2 [3]
As only a limited number of pairs are available in a practical 
study, an e x p e r i m e n t a l  semi-variogram is plotted using the available 
data and a theoretical model is fitted to the resulting plot. The 
curve fitted to the data can be seen to consist of two distinct 
parts, an initial rising segment and a second, level region (Fig.6 .). 
The point at which the curve levels off is used to calculate both 
the sill (y axis) and the range of correlation (x axis).
Figure 6 . Semi-variogram schematic. A - sill, B - nugget, C - range 
of correlation.
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The sill is the maximum semi-variance exhibited by the data set
and the range of correlation is the lag (or separation distance) at 
which the sill value is reached. Pairs of points separated by a 
distance greater than the range of correlation are considered to be 
spatially uncorrelated. A sample can be taken as representative of  
an area defined by the range of correlation. The range of  
correlation provides a mathematical means of measuring the “area 
of influence” described in other estimation methods. The semi­
variance value indicated by the sill can be divided into two
components, B and A-B in Fig.6 .. The “nugget effect”, often 
denoted Co, (B in Fig.6 .) represents the random variance in the
data. The semi-variance, represented by A - B in Fig.6 ., is the 
structured component of the data set’s variance.
The experimental semi-variogram only provides information on the 
data set used to construct the plot. In order to describe the entire 
region (and lag distances for which a semi-variogram value has 
not been computed), it is necessary to fit a mathematical model 
to the data to produce the t h e o r e t i c a l  semi-variogram. A number 
of models are frequently used to describe the theoretical semi-
variogram and these are briefly described below.
The most commonly used model in geostatistics, the spherical model, is 
indicative of a high degree of spatial continuity. It is linear near the 
origin before flattening out as it approaches the sill at a (the range of  
correlation). It is described by the equation.
y(h) = 1.5h/a -  0.5(h/a) 3 [4]
w h e r e  a i s  t h e  r a n g e  a n d  h i s  t h e  l a g  d i s t a n c e .
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Figure 7. Theoretical semi-variogram models, (a) spherical, (b) 
exponential, (c) gaussian, (d) power.
The exponential model reaches the sill asymptotically, being linear near 
the origin, and may be described by the equation:
y(h) = 1 -  exp(-3h/a) [5]
Gaussian models are used to model extremely continuous variables. 
Exhibiting parabolic behaviour near the origin, the gaussian model 
reaches the sill asymptotically, the range being accepted as the point at 
which the curve reaches 95% of the sill value:
. y(h) = 1 -  exp(-3h2 /a2) [6 ]
Power models are a collection of models described by a general 
equation:
y(h) = hn + Co [7]
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where 0  < n < 2 , h is the lag distance and Co is the nugget of  the semi- 
variogram.
In practice it is often not possible to compute semi-variances for the 
exact lags plotted in the semi-variogram, especially if the data has not 
been taken from a regular grid. The specification of a lag tolerance is 
therefore common practice.
A significant feature of  many data sets is a state of anisotropy. A data 
set is said to be isotropic if the properties of the semi-variogram remain 
constant for all the directional variograms. A directional semi-variogram 
is a semi-variogram plotted for one direction only, i.e. N-S or E-W. If 
the range or sill of a semi-variogram model differs between directional 
components, then it is said to be anisotropic. If the only difference 
between directional semi-variograms is the length of a, the range, then 
the anisotropy is geometric. Zonal anisotropy occurs when the 
directional semi-variograms differ in relation to the value of the sill. 
Correction for geometric anisotropy involves incorporating the different 
range lengths into an ellipsoid describing the zone of influence around 
any sample point, as opposed to the circle of influence exhibited by 
points in an isotropic data set. Zonal anisotropies cannot be removed in 
this way and the different semi-variogram structures for the various 
directions must be accounted for in any subsequent estimation 
procedures.
A feature of  many semi-variograms is a parabolic ascension of the semi- 
variogram at some point, an example of this being shown in Fig.8 . 
Clarke (1979) demonstrates the use of this feature in the identification 
of trends within a data set and concludes that as long as the trend does 
not occur near the range of  correlation then it may safely be ignored. 
This view is supported by the work of Royle and Hosgit (1974), who 
cite an example of a sand and gravel deposit which displayed a parabolic
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upward curve, this feature being used as proof of the existence of a trend 
within the data. These workers also conclude that unless the parabolic 
nature of the semi-variogram occurs before or near the range of  
correlation it poses no difficulty to further stages in the geostatistical 
process.
Ihl
Figure 8 . Gaussian semi-variogram with evidence of trend.
2 .4 .1 .  S e m i- v a r io g r a m  Analys is :  L o g n o r m a l  Data  Sets
The treatment of lognormal data sets in the construction and modelling 
of semi-variograms has been the subject of much discussion. Gilbert and 
Simpson (1983) and Litaor (1995) both recommend the logarithmic 
transformation of  lognormal distributions in order to better approximate 
a normal distribution, both presenting un-substantiated evidence that 
geostatistical procedures perform better on normally distributed data. 
McBratney and Laslett (1993) hypothesise that the nugget (the random 
component of the spatial correlation) may be over emphasised in semi- 
variograms of lognormal data due to the high values at the upper end of  
the distribution being confused with ‘random noise’ in the semi- 
variogram structure.
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2.5. Geostat ist ical  Estimation: Kriging
The estimation method known as kriging employs a weighted moving 
average interpolation procedure. Weights are assigned to known samples, 
the assignation of  weights being governed by the information in the 
semi-variogram. Generally the closest neighbouring samples are 
attributed the greatest weights although in a data set exhibiting 
geometric anisotropy, a sample a distance away from an unknown point 
may be attributed a heavier weighting than a nearer sample depending on 
the ranges of influence in the two directions. Kriging may either produce 
estimates for points in space (punctual) or for three dimensional volumes 
(block kriging). Block kriging is usually implemented in the estimation 
of ore bodies or similar phenomena, punctual kriging being used in 
.environmental studies. The function for point kriging is:
weight assigned to the known sample z at (xj). The weights are assigned' 
according to the following equation, subject to a number of constraints.
(xi, xj) being the distance separating points xi and xj, (x*, xc) being the 
distance between the unknown point xQ and the known point Xj, ji is a 
Lagrange multiplier. A distortion free distribution of weights is obtained 
by using the following constraint:
Q
[8 ]
z*(x0) is the estimate value at the unknown location x0, Xj being the
rt
[9]
n
[10]
i = l
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One of the most often cited advantages of  kriging as an estimation 
method is the production of  a measure of  the error associated with the 
estimates produced by the kriging process. The production of this 
indicator of  the estimate reliability is achieved as demonstrated by the 
following example. A point x , for which we wish to estimate the value of 
the variable q, is surrounded by many other points for whom the value,of 
q is known. A semi-variogram for the data set which contains these 
points has been calculated and a theoretical model has been fitted. When 
the value of q at x is estimated an error is incurred:
error = qx -  qx* [ 1 1 ]
where qx is the actual value of the variable q at x and qx* is the estimate 
of the value of  the variable q at x. If the estimating procedure is 
unbiased (i.e. no trend present) then repeated estimations of qx* will 
have an average error of 0. The spread, or standard deviation, of these 
errors gives an indication of the reliability of the estimating procedure 
for the point x. For the purpose of this example, the estimation error 
variance will be denoted ‘e*var\ The variance of  the errors can.be  
calculated (theoretically) as the mean squared deviation from the mean 
error. This is equal to:
(error -  mean error) 2 
n
n being the number of estimations performed. However, as the estimating 
procedure is unbiased, the mean error will be equal to 0 , the variance of  
the errors reduces to:
n
As the value n represents the number of samples (whose values of q-are 
known) used to estimate. qx , the semi-variogram value will.be known
for each of the samples that constitute the set n, as the distance that 
separates x from each of the samples is already known. As the semi- 
variogram value is half the variance of the differences in the variable q 
exhibited by pairs of samples separated by a distance h, multiplication of  
the semi-variogram value by 2  will give a measure of the reliability 
associated with an estimate made based on a sample a distance h away 
from the unknown point.
The discussion of geostatistical theory presented in the previous section 
has, by necessity, maintained a relatively low level of mathematics. 
More detailed presentation of the mathematical foundation of  
geostatistics and the associated procedures may be found in Journel and 
Huybregts (1978), David (1977) and Krige (1951).
2.6 .  S am p l in g  D es ig n  for G e o s t a t i s t i c a l  Su rveys
The design of sampling grids for geostatistical surveys has received 
some-attention in the literature. Wang and Qi (1998), using artificially 
created sample sets, ascertained that a regular grid system exhibited the 
best estimation performance. McBratney and Laslett (1993) recommend a 
random approach to sampling when the data displays a short range of  
correlation, nearest neighbour sites close to the unknown having strong 
spatial correlation. Flatman e t  a l  (1988) describes a sampling plan 
involving transects along the major axes with a regular grid at the 
junction of the axes. Geostatistical procedures appear well suited to the 
spatial analysis of  soil properties and constituents for a number of  
reasons. Many soil properties, including radionuclide levels, are 
controlled by the underlying geology. Such parameters, in contrast with 
those such as 137Cs soil levels (governed primarily by meteorological 
variables), are more likely to be spatially correlated, nearby samples 
being more similar than samples separated by large distances.
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Gilbert and Simpson (1983) investigated the application of geostatistical 
procedures for the spatial analysis of  fallout patterns around nuclear test 
sites in the U.S. Badr e t  a l  (1996) utilised semi-variogram analysis to 
confirm geological control over soil gas radon concentrations, fitting 
exponential models to raw semi-variograms. Litaor (1995) analysed the 
spatial distribution of 239 + 240Pu and 24lAm around the Rocky Flats 
installation in Colorado, adopting a semi-variogram analysis and point 
kriging for estimation, gaussian models being used to describe the 
spatial continuity. Geostatistical analysis has previously been used to 
determine the distribution of uranium, albeit only within an ore body. 
Akin and Bianconi (1984) assessed uranium mineralisation within a 
surficial deposit in Australia. The uranium showed a strong degree of  
spatial correlation, although the spherical models applied-to the semi- 
variograms incorporated a large nugget effect due to a random 
component in the uranium’s spatial structure. Geostatistical methods 
were adopted by Einax and Soldt (1994) in the investigation of heavy 
metal contamination of soils, McBratney and Laslett (1993) describing 
some geostatistical approaches to a similar problem. Geostatistical 
procedures have also been applied to the analysis o^ f a number of other 
environmental parameters including soil pH (Yost e t  al ,  1982), 
conductivity (Russo and Bressler, 1981), sodium levels (Burgess and 
Webster, 1980) and sand content (Vauclin e t  al ,  1982).
Srivastava and Isaaks (1989) established that geostatistical methods 
performed better than other methods of estimation for a number of  
parameters and hypothesised that this was due to the implementation of a 
customised statistical measure of  distance rather than a geometrical 
description. Litaor (1995) observed, in comparing isopleth maps 
produced by geostatistics with those produced by a least squares method, 
that the kriging method eliminated some features visible in the other 
maps. He ascribed the differences to the smoothing e f fe c t  o f  the process, 
kriging typically overestimating low values and underestimating high
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ones. The assessment of the performance of kriging in relation to other 
methods has been routinely performed in the mining industry. Barnes 
(1977) compared geostatistics to a polygonal and inverse distance 
procedures for ore evaluation, the geostatistical method performing 
favourably. Knudsen et  a l  (1978) contrasted geostatistics with more 
conventional estimation methods, kriging outperforming the other 
methods over the chosen parameters. McBratney and Laslett (1993) point 
out that the implementation of  geostatistics is often justified on the basis 
that the values in a data set are more similar the closer they áre in space. 
Their argument is that other estimation procedures can highlight and use 
this feature and that an empirical comparison of  geostatistics in relation 
to other methods has not been carried out in an environmental setting.
Although geostatistical procedures appear to be gaining acceptance, in 
the field of environmental monitoring, its only application to natural 
radionuclides appears to have been within the mining industry itself.” 
There is little or no indication in the available literature of its having 
being applied to the monitoring of natural radionuclides in the 
environment although it has been employed in the assessment of  
contamination by anthropogenic radionuclides. While geostatistical 
methods appear to offer a number of  significant advantages over more 
conventional estimation techniques and seem to be well suited to the 
analysis of the distribution of natural radionuclides in soil, a number of  
points are worth considering. The application of geostatistics remains 
relatively new in the field of  environmental monitoring and have not 
been implemented long enough to have gained wide acceptance. 
Geostatistical methods are quite general in relation to scale, examples in 
the literature have ranged from centimeters to kilometers but it should ]be 
realised that as the spacing between samples increases, the advantages of 
treating a variable as regionalised become less and geostatistical 
results begin to approach those of classical statistics. A large number of  
unresolved issues appear to exist in the field. There remains no true
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measure of  the goodness  o f  fit o f  any theoretical model  applied to the 
raw semi-variogram, the most appropriate model often being chosen on 
the basis o f  trial and error. The assumption that the applied model  
describes  spatial variability over the full region must always be made.  
Disagreement appears to exist  on the correct treatment o f  log normally  
distributed variables and data sets exhibiting trends. The assumptions o f  
the intrinsic hypothesis  cannot be verif ied in any meaningful way for any 
data set.
Despite  these caveats,  the implementation o f  a geostatis tical procedure,  
after a meaningful and thorough examinat ion o f  a data set, can offer  
advantages over other est imation procedures.  At the very least,  the use  
o f  such methods allows for a more in-depth analysis o f  a surveys ’ results  
than would be provided through the blind use o f  some o f  the more  
conventional methods.  The computational requirements o f  geostat is t ics  
and the lengthy analysis  involved ,  in combination with the problems  
listed above may serve to deter researchers in the environmental f ield  
from the adoption o f  such methods.  Poss ib le  ev idence  for this is the 
large amount o f  published material in the statistical and mathematical  
journals and the relative lack of  material in the earth s c ien ce  and 
environmental area. When geostat is t ics  are used, the implementation  
often appears to suffer due to either a lack o f  exploratory analysis o f  the 
data or via the use o f  commercial software with l ittle regard for the 
quality o f  the final outputs.
47
3.0. METHODS
The Cronamuck Valley  l ies on the north eastern periphery o f  the 
Barnesmore pluton, between Cronamuck Mountain and Clogher Hill,  
running in a NE -  SW direction for approximately 5 km. The site was 
chosen for a number o f  reasons. The peat o f  the Cronamuck Valley  had 
previously  been shown to exhibit  e levated levels  o f  natural radionuclides 
(Irish Base Metals ,  1979),  as had the underlying g eo logy  (O ’Connor,  
1983).  The g e o lo g y  o f  the area has been well  defined and the granite o f  
the pluton maintains sharp contact  with the surrounding country rocks.  
The site is relatively acces s ib le  by foot during the summer months and is 
sparsely populated. Little agriculture is conducted in the region, large  
areas of the valley  remaining un-modif ied by man. The main 
modif ication is the recent planting o f  conifer plantations,  with 
associated drainage schem es, in some parts o f  the valley.  The soil  in the 
valley is a typical upland peat, depth being less than lm  on the sides  o f  
the valley,  deepening to up to 2m on the valley  floor.  Soils  to the west  
of  the survey region are better drained, being sandy towards the base o f  
the soi l .  While  there is still  no agreed method o f  c lass i fy ing  organic  
so il s  (Cruickshank,l  972) ,  the method o f  Farnham and Finney (1965)  has 
been adopted throughout this study. Based on this c lass i f icat ion ,  the peat 
o f  the valley floor is an o ligotrophic  mountain peat. Naturally occurring  
vegetation in the valley  cons is t s  largely o f  heath plants (Calluna  and 
Erica  spp) and bog sedges  (Eriophort tm  spp).
\
The main drainage systems within the valley  are the Cronamuck River  
and Clogher Burn stream, both running in a northern direction along the 
valley floor and jo in in g  with the Owendoo River,  f lowing  from the west,  
at the north eastern end o f  the valley (F ig .9.). Both the Owendoo and 
Cronamuck rivers are relatively wide (5 m) shallow,  fast f low ing  rivers.
3.1. Site Selection and Description (Survey 1)
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Clogher Burn is approximately 1 m wide, varying in depth (0.5 - 1.5 m) 
and f low  along its length. Along the deeper sec t ions ,  the stream appears  
almost stagnant,  the f low  becoming turbulent as the bed change from 
deep silt  to rock. Precipitation within the valley  is heavy, average annual 
rainfall being 1800 mm (Met Eireann, 1999).  Where the waterways reach 
the lowest  parts o f  the valley,  f looding o f  the so il s  is present throughput 
much o f  the year. A number o f  small  streams are also present within the 
valley ,  the majority o f  which f low into Clogher Burn at various points. 
Large amounts o f  rock outcrop are present within the valley,  
predominantly along the sides  o f  the val ley and lessen ing  towards the 
valley floor.
3.2 .  Study M eth o d o lo g y
In order to fulfi l some o f  the object ives  o f  the study, a two stage  
approach was implemented. The initial stage,  termed Survey 1, served to 
study the spatial distribution o f  the radionucl ides  within the valley.  A 
series o f  samples  o f  peat from within the valley, were taken and analysed  
for uranium and thorium series radionucl ides.  The chosen radionucl ides  
were 238U, 226Ra and 228Ra.The samples  were also analysed for 40K. 
Other radionucl ides  such as 234Th and 2j5U were analysed for but only in 
so far as they were necessary for the determination o f  the primary four.
2 ^ g 226 q
U and Ra were se lected  as representative o f  the 5 U decay series,  
228Ra being chosen  as an indicator for the 232Th series.  The behaviour o f  
235U is unlikely  to deviate s ignif icantly  from that o f  238U.
Although radium behaves sl ightly  differently to thorium, the adoption o f
2  2  8 * 23  2Ra as an indicator for the Th series seems reasonable given the 
short half-l ife o f  228Ra relative to the time spans involved  in pedogen ic  
processes .  In certain areas, behaviour o f  230j h  was inferred from, the 
behaviour o f  228Ra as the two isotopes  o f  thorium (232Th and 230Th) do 
not behave differently  in relation to their chemistries .
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Figure 9. Map o f  the Cronamuck Valley,  Co. Donegal.  Open circles  
denote the sampling locat ions  o f  Survey 1. Rectangle  denotes location o f  
Survey 2 but does  not represent the actual s ize  o f  the survey area. X and 
Y indicate locations  o f  water saturated depress ions  at the conf luences  o f  
Clogher Burn with two un-named streams.
The results from Survey 1 were analysed according to a geostat is t ica l  
procedure. This method was adopted for a number o f  reasons. The s ize  o f  
the data set was l imited by the relatively long analysis  t ime required for 
samples  conta in ing low leve ls  o f  radionucl ides.  The val ley  also remains  
inaccess ib le  for much o f  the year, and given the log is t ic s  o f  moving  
large samples  o f  peat from the area, an approach that would y ie ld  the 
maximum amount o f  information for a relatively  small data set was 
needed.  For the reasons outl ined in Section 2.5,  geostat is t ics  were
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deemed suitable for this study given the l imitations  detailed above. A 
statistical comparison was made between the geostat is t ica l estimation  
procedure and a number o f  conventional est imation procedures in order 
to investigate  the performance o f  the geostat is t ica l  analysis in describing  
the distribution o f  the radionucl ides.  Once isople th  maps o f  the 
radionucl ide leve ls  within the valley  had been obtained,  the second stage 
o f  the project was implemented.
The second stage o f  the project, termed Survey 2, was focused on areas 
o f  e levated radioactivity highlighted by the results o f  Survey 1. In order 
to ascertain the chemical form of radionucl ides  within these areas, and 
p oss ib le  reasons for their enrichment,  an in-depth analysis o f  a number 
of  samples  from within the chosen areas was carried out. The analytical  
sequence  cons is ted  o f  both chemical and radiochemical analyses,  
necessary to fulfil the object ives  o f  the study.
A broad range o f  chemical parameters o f  the soil  were analysed in order 
to determine poss ib le  reasons for, or controls of, the enrichment o f  
radionucl ides  within these areas. Parameters were chosen on the basis o f  
the findings o f  previous research cited in the literature, and included  
iron and manganese  levels  (total and so luble)  within the so il ,  redox  
status o f  the so i ls ,  humic acid content,  total organic content and cation  
exchange  capacity.  Many o f  these  parameters have previously  been  
ident ified,  or proposed, as controll ing factors on the accumulat ion and 
behaviour o f  natural radionucl ides  within soil.
All samples  were analysed for total leve l s  o f  the se lec ted  radionucl ides,  
the levels  o f  the radionucl ides  in various fractions o f  the peat being  
analysed using sequent ial  chemical extraction with subsequent  
radiochemical analysis.  The fractions o f  the peat chosen for study were  
exchangeable  cations,  easily  ox id isab le  organic matter (which includes  
humic acids) and amorphous iron oxides ,  radionucl ides  found in these
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fractions being deemed labi le  (capable  o f  moving,  or having moved in 
the past). The three fractions chosen represent the fractions most  
commonly  reported in the literature as being responsib le  for the 
enrichment o f  radionucl ides  within peat.
A number o f  depth cores were taken from within the enriched areas in 
order to determine the vertical distribution o f  radionucl ides  and poss ib le  
vertical movement o f  the radionucl ides  within the peat. The cores were 
differentiated according to depth as opposed to horizon, as horizon  
development within the peat was either poor or non ascertainable.  The 
depth cores were analysed in the same manner as the discrete samples.  
Samples o f  vegetat ion and the underlying rock were also taken and 
analysed for radionucl ide content.
The drainage systems around the areas o f  enrichment were sampled and 
analysed for a number o f  parameters. Chemical factors that either control  
radionucl ide content in surface waters or that act as indicators o f  
poss ib le  radionucl ide content were analysed. These  include  the redox 
status o f  the water, total d is so lved  so lids ,  metal content  and radionuclide  
content.  The purpose o f  this stage o f  the project was to determine  
whether or not waterborne radionucl ides  may be responsib le  for the 
elevated radionucl ide leve ls  in the region studied as part o f  Survey 2.
A number o f  activ ity  ratios were also studied in both Surveys 1 and 2. 
The ratios 226Ra/228Ra, 228Ra/238U and 226R a/238U were chosen for a 
number o f  reasons. The study o f  the 226Ra/238U ratio a llows for 
assessment  o f  the state o f  secular disequi librium in the 238U series.  
Adopting 228Ra as an indicator for 232xh (and assuming 2j2Th 
immobili ty) a llows dec is ions  to be made on whether variations in the 
226Ra/238U ratio are due to either 238U enhancement or deple t ion or 226Ra 
enhancement or depletion.
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3.3. Sampling Rationale
The sampling plans for the two surveys differed due to the different  
object ives  o f  each survey. The plan for Survey 1 involved  taking samples  
to describe spatial  patterns within an area o f  20 km . The second  
involved  taking samples  from an area o f  less  than 2500  m2 in order to 
describe chemical and radiochemical  condit ions .  The sampling plan for 
Survey 1 involved the identif ication o f  60 s ites (F ig .9., co-ordinates  
provided in Table i, Appendix  1) within a 4 x 5 km rectangle  
encom pass ing  the Cronamuck Valley.  The bottom left hand corner o f  this 
rectangle was assigned the easting -  northing co-ordinate o f  0,0.  These  
s ites  were chosen as being readily identif iable  on a small  sca le  (six inch)  
map using location markers such as stream conf luences ,  etc. Circles with 
diameters o f  300 m were inscribed around each site and a sample was 
se lected from within the circle in the fo l lo w in g  manner. Two random 
numbers were generated on a calculator to descr ibe a direction and 
distance from the circle centre from which the sample was being taken. 
The estimated error in the co-ordinates for any point was +/-  20 m in any 
direction. Sites that were f looded , hazardous or occurred over rock 
outcrop or water were rese lected via a second set o f  random numbers. 
Although regular sampling grids are common in geostat is t ica l surveys a 
grid system was not adopted for a number o f  reasons.  The nature o f  the 
terrain in the val ley  meant that for any realistic grid o f  approximately 60 
-  80 samples ,  up to 20% o f  the samples  could not be taken from the 
points  dictated by the grid due to their fal l ing on rock outcrop or water. 
The exact . location o f  points on a grid would also have required the use 
of  a theodol i te  which proved extremely difficult  from a log is t ica l  point  
o f  view.
Samples o f  soil  were se lected  from the base o f  the peat bed for a number  
o f  reasons. Geostatistical analysis requires that all samples  are taken 
from the same “support” or matrix in relation to a p oss ib le  contaminant
source. This means that i f  studying, for example,  the distribution o f  
surface contamination from a stack, all samples  must be taken from the  
surface or from an equal depth be low  the surface.  To descr ibe the spatial  
distribution o f  radionucl ides  in peat, the samples  se lec ted  must only vary 
in relation to their pos i t ion within the region and not in their relation to 
the contaminant source,  in this case,  the bedrock. Given the variable  
depth o f  the bog, this meant se lec t ing  all samples  from just above the 
rock-soil  interface.  Furthermore, plants have been shown to enrich 
radium in the surface layers o f  soil (Greeman and Rose ,  1990),  therefore  
samples  o f  so il s  from the surface may not always be representative  
o f  the soil  column or o f  condit ions  pertaining throughout the peat. 
Establishing the ‘surface1 o f  the peat in the region also proved difficult  
due to the varying depth o f  the organic mat ly ing on the top of the peat  
in the region.
A region o f  e levated radioactivity (location  X, F ig .9.) was se lected  for 
the location o f  Survey 2, based on the results o f  Survey 1. The sampling  
plan for Survey 2 differed in that more detai led information was required 
from the samples taken. Two sites were se lec ted  at random within the 
region ( F ig .10 ). Pits were excavated to the underlying rock and samples  
taken at incremental depths o f  15 cm from the walls o f  the pits. A 
number o f  other sampling s ites  were se lec ted  within the region and 
samples  were taken from the soil -rock interface. Two further pits were  
excavated at sites calculated to be outside  the e levated region and 
sect ions  were taken in the same manner as before. Samples  o f  rock were  
taken from the base o f  a number o f  pits, this being achieved by removing  
the first inch o f  rock with a geo lo g ica l  hammer and then taking a sample  
from the fresh material underneath. The first centimetre was removed as 
in all cases it was heavily  weathered and cracked and may not have been  
representative o f  the rock itself.
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Water from the drainage system o f  the val ley was sampled at random 
along lengths o f  the rivers and streams that consti tute  the drainage  
system o f  the chosen region. Samples  were se lec ted  from both upstream 
and downstream o f  the e n r ic h e d ' area, and also  from a river (the 
Owendoo river) wel l  removed from the area. Figure 11. indicates the 
locat ions  from which samples  o f  river and stream water were taken.
Figure 10. Locat ion o f  sampling points  o f  Survey 2. D.C. denotes  depth 
sec t ions ,  shaded area denotes  water saturated depress ion at locat ion,X.  
Sample locations 9, 41 and 54 were drawn from Survey 1 but included in 
Survey 2 due to their location.
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Figure 11. Location o f  surface water sampling sites.
3 .4 .  Sam ple  P r e p a r a t io n
3 .4 .1 .  Soil
Soil  samples cons isted  o f  10—15 kg o f  wet peat. Large s tones  and twigs
were removed before placing the samples  in po lyethylene  bags. The
inclusion o f  fresh vegetat ion in the samples  was avoided where
practicable.  The bags were partially evacuated and sealed to reduce loss
o f  moisture before being transported to the laboratory. Once in the
laboratory, the samples  were placed on aluminium foil  covered trays,
weighed, and t rans fe r red  to a fan assisted oven. The gross samples  were
dried at 11 0° C for 48 hours. Once dried to constant  mass,  the samples
were reweighed to establish moisture content.  Where poss ib le ,  soils  were
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dissaggregated with a rubber stopper before being s ieved through a 2 mm 
stain less  steel  mesh. In some cases the dried peat formed hard nuggets  
which were resistant to dissaggregation. These  were ground using a 
sta in less  steel  food blender before s ieving. The powdered dried soi l  was 
then packed into 11 Marinell i  re-entrant beakers for gamma analysis.
The samples  o f  Survey 2 were treated s lightly  differently from those  o f  
Survey 1 in that once  the radiometric analysis  was complete ,  the 
contents o f  the Marinell i  beakers were riffled and a portion o f  
approximately 150 g was removed. This portion was ground to a fine  
powder in a steel  mill gr inder , riffled again, and 100 g o f  this material  
was taken for the sequential  chemical extractions.  A further 10 g o f  this  
material was used in the chemical analyses.
3 .4 .2 .  R ock
Rock samples  cons is ted  o f  3 - 4  kg o f  rock in each case. The rock was 
washed in dis ti l led  water and scrubbed with a plastic  brush to remove  
any adhering detritus. The samples  were then crushed to less than 2 mm 
using a stain less  steel  hammer and thick po lyethylene  sheet ing.  Crushed  
samples were then packed in Marinell i  beakers for gamma analysis.
3 .4 .3 .  W ater
Water samples  were co l lec ted  in acid washed (10% AnalaR HNOs for 
three days) 1 1 plast ic  bottles.  Each bott le  was rinsed with the river 
water before the bottle was fi l led.  On return to the laboratory, the 
samples were fi ltered (0 .45 |im) and spli t  into two portions.  The first 
was acid if ied  with concentrated HNO3 and stored, the second was left 
unacidified and stored.
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3.4.4. Vegetation
Samples  o f  vegetat ion were washed in disti l led water and then placed on 
2 mm wire mesh. D is t i l led  water was then sprayed over the sample for a 
period o f  2 hours in order to remove adhering soil  particles.  The samples  
were then placed on aluminium foil  trays and dried at 101°C for 48 
hours. Once dried, the vegetat ion was then ground to less than 2 mm 
using a stain less  steel  food blender.
3.5 .  A n a ly t ica l  M ethods  
3 .5 .1 .  R a d io m e t r ic  A nalys is
The primary radioanalytical technique employed throughout the project  
was high resolut ion gamma ray spectrometry. The system employed  
cons is ted  o f  a high purity germanium detector coupled with an 8 K 
multi- channel analyser.  The analysis  package cons is ted  o f  the GENIE-  
PC software suite.
3 .5 .1 .1 .  D e tec to r  C a l ib ra t ion
Given the fact that a broad range o f  sample matrices were to be analysed  
throughout the course o f  the project, the detect ion  system was calibrated  
for a number o f  different sample matrix densit ie s  in order to el iminate  
the poss ib i l i ty  o f  s e l f  absorption errors between samples  and standards.  
This was achieved using the methods outl ined by Nemeth and Parsa 
(1992) .  A range o f  artificial  calibration sample matrices were created  
from varying proportions o f  sawdust and sand, the range o f  densit ies  
being from 0.5 g /c m 3 to 1.2 g /cm 3. The components  o f  the calibration  
samples were chosen to reflect the organic and inorganic consti tuents  o f  
the samples  l ikely to be analysed through the course o f  the project.
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The calibration so lution cons isted  o f  a traceable mixed radionucl ide  
standard so lut ion obtained from the French Commissariat A L ’Energie  
Atomique (Ref. No. E L M A 6 0 -9 M L O 1, Appendix 4). The so lut ion
j
conta ined known act iv it ies  o f  10 radionucl ides  emitt ing gamma radiation 
in the energy range 59.5 keV to 1836.0  keV. This solution was diluted to 
1:100 using new, calibrated, Grade A volumetric  glassware, the diluent  
being 1M HC1 (AnalaR grade with ultra pure water). Each ml o f  the 
dilution contained a total activity o f  8.91 kBq +/- 4%.
Three 1 1 volum es o f  each dens ity  matrix were prepared. 100 g o f  the 
material was removed from each 1 1 volume and placed in an acid washed  
porcelain crucible.  1 ml o f  the standard dilut ion was added to each 100 g 
portion using a calibrated pipette. The crucibles and contents  were then 
dried at 90°C for 6 hours. The contents o f  the crucibles were then 
hom ogen ised  by grinding o f  the contents  (within the crucib les)  with a 
pestle.  The contents o f  the crucibles  were then returned to their  
respect ive  1 1 volum es,  each volum e being hom ogen ised  using a 2 mm 
aperture sieve.  The matrices were then packed into 1 1 Marinell i  re­
entrant beakers.  All practicable precautions were taken to avoid loss  o f  
material in the preparation and packing o f  the standards and cross  
contamination o f  standard matrices.
Each standard matrix was counted for a period long enough to ensure  
that the total count in the smallest peak was greater than 10 ,000 counts  
after background correction (n eg l ig ib le  in all cases) .  The average  
eff ic iency  o f  the three standards at each dens ity  was taken as the 
count ing eff ic iency. In no case did the S.D. o f  the e f f ic iency  for the 
three standards for each dens ity  vary by more than 5% ( l a ) .  The  
procedure was also repeated for an aqueous matrix to a l low for analysis  
of  l iquids.
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Figure 12. Variation in counting e ff ic iency  (%) as a function o f  energy  
(keV) for a number o f  matrix dens it ies .
E ff ic iency  and energy calibrations were checked via analysis o f  IAEA 
Reference  Material 152 (contaminated milk powder, Appendix 4.) and 
periodically  throughout the course o f  the project using aliquots o f  226Ra 
standard so lut ion R 9 /50 /151  (Appendix  4.) which had been hermetical ly  
sealed for 60 days to a l low for radon ingrowth to occur. Results  were 
typical ly  within 5% o f  the certif ied value.  Results  o f  the calibration  
procedure for a number o f  different matrix densit ies  are detailed in 
F i g .12 as a plot o f  detector e ff ic iency  (%) against energy over the range 
58 keV to 391 keV. The effect o f  matrix dens ity  on e f f ic iency  is greatest  
at gamma energies  o f  less than approximately 300 keV, variations in 
e ff ic iency  due to varying matrix dens ity  diminishing at energies  higher 
than 300 keV.
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3.5 .1 .2 . Isotope Analysis
Analys is  o f  the radionucl ides  o f  the uranium and thorium series was 
achieved via the em iss ions  o f  a number o f  the daughters o f  the 
progenitors o f  both series.
3 .5 .1 .2 .1 .  23SU A n a lys is
Quantif icat ion o f  238U is complicated  by the fact that 238U i t se l f  has only
a weak em iss ion  at 49.5  keV (< 0.07% em iss ion  probability). The direct
23 8determination o f  U in, environmental samples  is therefore  
impracticable by gamma ray spectrometry. A number o f  daughter  
nuclides  however  have suff ic ient ly  strong gamma em iss ions  which may 
be ut il i sed to determine 238U activity,  these  being 226Ra, 234Th and 
234m Pa. 235U, whose  isotopic  abundance is constant in the vast majority 
o f  environmental samples ,  may also be used to infer 238U activit ies .  
There are problems associa ted with each daughter however,  which  
further complicates  the procedure. The em iss ions  o f  U and Ra at
185.7  keV and 186.1 keV respect ive ly  cannot be resolved by 
conventional  gamma ray spectrometers.  In samples  o f  high act ivity  (ca. 
1000 Bq/kg),  the 235U contribution to the jo in t  peak at 1 86 keV. may be 
assessed  via it ’s em iss ions  at 163 keV and 205 keV. This is not 
practicable with the activit ies  exhibited by the majority o f  environmental  
samples.  The 226Ra contribution may be determined by hermetically  
sealing the sample container for a period suff ic ient  to ensure secular  
equilibrium between 226Ra and its daughters,  214Pb and 214Bi (> 30 days)  
and ut il is ing their strong gamma emissions.
Alternatively,  the immediate 238u  daughter,  234Th, may be used via i t ’s 
em iss ions  at 63 keV and the doublet peak a,t 92 keV. 234Th, with a half  
l ife o f  less than 30 days, is generally  accepted to be in secular
equilibrium with i t ’s parent, 238U, in soil  samples  (Miller and 
Loosemore ,  1971).  Problems arise due to the fact that samples  which  
contain high levels  o f  thorium may produce thorium (K) X-rays in the 92 
keV region and that the 63 keV peak also inc ludes  contributions from 
23ITh (em iss ion  probability 0 .023%) and 232Th (em iss ion  probability < 
0.255%). Given that 235U (o f  which 231Th is a daughter) levels  in 
environmental samples  are usually low and the low em iss ion  probability,  
the 231Th contribution at 63 keV may safely be ignored.
The use o f  the 234m Pa peak at 1001 keV has rece ived some attention as 
a means o f  quantifying 238U. Sutton et  a l  (1 9 9 3 )  could not find
23 4m  23 8equilibrium between Pa and U in si lt  samples.  Their work 
identif ies  incons is tenc ie s  between data published (at the time o f  their 
paper’s publication) on the emiss ion  probabili t ies o f  this isotope and 
conc lude  that its em iss ion  probability is c loser  to 0.91% as opposed to 
the previously  accepted value o f  approx. 0.589%. A more recent piece  o f  
work by Yucel et a l  (1 9 9 8 )  investigated the use o f  this peak and 
concluded that it provides  quantitative measures o f  238U activ it ies  for 
count periods o f  less than 14 hours. The quoted probability in this case  
was 0.83 5%.
The procedure adopted in this project was to quantify the 238U activity  o f  
the samples  via the 234Th emissions.  This was decided on for a number o f  
reasons. Given the controversy surrounding the 1001 keV peak o f  234m Pa, 
the fact that 235U act iv it ies  in the samples  were relatively low  
(indicating a low  2jlTh contribution at 63 keV),  log is t ica l  problems  
surrounding sample storage (to a l low  radon equi libration) and the low  
thorium levels  in the samples ,  the 234Th method was deemed most  
suitable.  The method was tested for a number o f  samples  (phosphate  
ferti l isers and a uraniferous soi l  from Finland) displaying moderate to 
high 2^ U  and 332Th activit ies  and assured 234Th/238U equil ibrium. 235U 
act iv it ies  in these  samples  were suff ic ient  to a l low for quantif ication via
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the 205 ke^L.p.eak In_all__cas.e.s_the activity o f  238U determined via-t'he
234Th peaks agreed (within counting error) with the activ ity  o f  2j8U 
determined via the 235U peak (ut il is ing  a 238U / 235U activ ity  ratio o f  
21.4).
3 .5 .1 .2 .2 .  22(iRa Analys is
Once the 238U activity o f  the sample had been determined, the 2~'5U 
activity was determined using the activ ity  ratio given above. The 3^5U 
contribution to the 186 keV peak was determined using the fo l low ing  
relationship:
235U Counts = (A235U) Ct R u Effise W
where A235U is the activ ity  o f  2j5U (B q)v C,T is the count time in 
seconds,  Ru is the emiss ion  probability o f  235U at 185.7 keV and W is 
the sample mass in kg. The 235U contribution was then subtracted from 
the peak area and the 226Ra activity was determined.
In the case o f  the liquid samples  from the sequential  chemical extraction  
procedure, a different procedure was used. Samples  were sealed in the 
Marinell i  beakers for in excess  o f  40 days to a l low for radon 
equilibration. The 226Ra activity  was then determined via the em iss ions  
o f  214Pb and 2I4Bi at 352 keV and 609 keV respectively .  In a manner 
similar to the 226Ra determination in so lid  samples ,  the 235U act ivity  was 
determined, and hence,  the 238u  activity.
The ability o f  the sealed Marinell i  beakers to retain radon gas was 
assessed  using a traceable 226Ra standard solution (Radioact ive  
Reference  Solution No. R 9 /50 /151  from Amersham Intl. Pic. ,  Appendix  
4 ). An aliquot o f  this solution containing 9 Bq o f  226Ra was placed in 
600 ml o f  the extraction so lut ion ,  this being repeated three times for
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each o f  the three extracting agents (9 so lut ions  in all). The so lut ions  
were de-gassed using an ultrasonic bath for 1 hr and then made up to 1 1 
with ultrapure water before sealing  in the Marinell i  beakers.  The beakers  
were sealed with thick PVC electr ical  insulation tape.
Days after sealing
Figure 13. Plot o f  214Pb and 214Bi act ivity  (Bq) against time.
The activity  o f  214Pb and 214Bi was measured at various times over a 40  
day period, the average activity o f  the three standards for each  
extraction solution being plotted against t ime to invest igate  i f  secular  
equilibrium was attained. As can be seen from F i g . 13, radioactive  
equilibrium (90%) was achieved under the condit ions  employed in a 
period less than 40 days.
3 .5 . I . 2 .3 .  232Th A n a lys is
232Th does not p o ssess  a gamma em iss ion  a l lowing for direct  
determination by gamma ray spectrometry. The most common means o f
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assess in g  2'2Th levels  in samples  is via one o f  its daughter nuclides .  The 
nuclides  most commonly  reported for this purpose in the literature are 
212Pb at 239 keV (Zikovsky and Blagoeva ,  1 994) ,  208T l a t  583 keV and 
261 5 keV (Baeza et al ,  1994)  and 228Ac at 911 keV, 968 keV (Malanca et
22 o . 22 8al,  1996).  Ac is always in secular equilibrium with i t ’s parent Ra 
(due to the 228Ac half-l i fe  o f  6.1 3 hours) and, g iven the 228Ra half-l i fe  o f
6.7 yrs and its relative immobili ty  in the surficial  environment,  it seems  
reasonable to assume equil ibrium between 2j2Th and 228Ac. Throughout  
this project, 232Th activit ies  were assessed  using the 228Ac peaks at 91 1 
keV and 968 keV. The 2l2Pb peak was deemed unsuitable  due to the 
interference from 214Pb and the 208T1 peak at 2615 keV was unobservable  
for technical  reasons.
3 .5 .1 .2 .4 .  40K A n a ly s i s  1
Measurement o f  this radionucl ide by gamma ray spectrometry is 
relatively straightforward given that 40K p o sse s se s  a strong, well  
separated peak, at 1460 keV, by which it was determined.
3 .5 .1 .3 .  N uc lea r  Data
The nuclear data used throughout this study (em iss ion  probabili t ies,  half  
l ives ,  gamma energies) was taken from a number o f  sources ,  tabulated 
in Table II.
3 .5 .1 .4 .  C ount ing
Samples  were counted for a period suff ic ient  to ensure a 2 o  counting  
error o f  less  than 10% (15% for 226Ra) after correction for laboratory 
background. Typical count times varied from 1 day to 1 week. Nucl ides  
were identif ied using a library driven search routine. Once the spectra
had been obtained, the appropriate detector calibration (based on matrix 
density  and const itut ion)  was used for quantitative analysis.  Repeated (6 
times) analyses  o f  one sample yie lded a repeatability o f  better than 9%.
Nucl ide Energy (keV) Intensity (%) Source
Reference.
Half-l ife
234Th 63.2 4 .80 Adsley et al, 1998 24 .10  days
9 2 . 3 / 9 2 . 8(D) 5.58
235U 185.7 57.20 Ruellan et al, 1996 7 .038E +8  yrs
205.3 5.01
226Ra 186.2 3.59 Karmalitsyn et al, 1 600 yrs
1996
2,4Pb 241 .9 7.43 Shizuma et al, 1992 26.8  m
295.2 19.30
351.9 37 .60 *
214Bi 609.3 4 6 .10 Shizuma et al, 1992 19.9 m
228A c 91 1.2 25 .80 6.15 hrs
968 .9 15.80 Arpesella et al, 1996
40k 1460.8 11.00 El-Daoushy and 1.277E+9 yrs
Garcia-Tenorio,
137Cs 661 .6 85 .10 1995. 30 .07  yrs
Arpesella et al, 1996
Table II. Se lected gamma ray em iss ions  (keV),  emiss ion  intensit ies  (%), 
latest reference sources  and half -l ives  o f  studied radionucl ides,  m = 
minutes ,  hrs = hours and yrs = years.
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f3 .5 .1 .5 .  In-s itu G am m a M ea su rem en ts
A number o f  measurements  o f  gamma radiation levels  in the field were  
taken as part o f  Survey 2. These  measurements  were made using a 3x3  
inch Nal sc in t il la t ion crystal connected to an ELECTRA ratemeter from 
NE T echn o log ie s  Ltd.
3 .5 .1 .5 .1 .  D e tec to r  C a l ibra t ion
The ELECTRA is a s ing le  channel ratemeter employed typical ly  as a 
contamination meter which provides no information as to the gamma  
energy range being detected. As the instrument was required to de lineate  
loca l ised  differences in gamma flux due to uranium series radionucl ides,  
it was therefore necessary to establish some means o f  preventing
radiation from other radionucl ides,  primarily the higher energy 40K and
20  8 T1 em iss ions ,  from being detected. This was achieved via 
manipulation o f  the applied detector voltage  (HV) and the upper level  
discriminator (ULD) in the fo l lowing  manner.
Two sources ,  40K and 60Co, were suspended over the detector crystal at a 
distance o f  approximately 100 mm. The H V  value was noted and the 
ULD was reduced to its lowest  value and the count rate recorded. Counts  
were a llowed to accumulate  until approximately 10 ,000  had been 
recorded to reduce the statistical error to an acceptable  level.  The ULD 
was then increased by 0.1 V and the count rate noted again. This  
procedure was repeated until the maximum ULD (3 .0  V )  was reached.  
The 1st differential  o f  the count rate was then plotted against the ULD to 
obtain a gamma spectrum (F ig .14a ). The ULD value corresponding to 
each o f  the three photopeaks was then recorded. This entire procedure  
was repeated for a variety o f  H V  settings .  The variation in the ULD 
setting required to “record” events  from the two radionucl ides  as a 
function o f  applied H V  is shown in Fig.14b.
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400
Upper level discriminator V
Figure 14a. 60Co spectrum obtained using procedure outl ined in Section  
3.5.4.1
Upper Level Discriminator V
Figure 14b. Plot o f  applied high voltage  against upper level  
discriminator (ULD) obtained during energy calibration o f  the ELECTRA  
ratemeter.
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Using the information contained in Fig .14b.  a llowed.set t ings  to be made 
to both parameters that prevented the ratemeter recording counts at 
energies  higher or lower than the energy bracket o f  interest.  In this case,  
the energy bracket was between 100 keV and 700 keV which 
encom passes  the strong em iss ions  o f  235U and the majority o f  2j8U 
daughters while  avoid ing interference from K 40 (but not 40K Compton  
events).  As no attempt was being made to quantify radionucl ide levels  
using the instrument,  it was not calibrated for such measurements.
3 .5 .1 .5 .2 .  Field  M ea su r e m en ts
The detector housing was mounted within a polypropylene frame such  
that the detector face was e levated 15 cm from the ground. This distance  
was chosen as the gamma energies  being measured were o f  relat ively  low  
energy and would therefore undergo s ignif icant attenuation over greater 
distances ,  even in air. A secondary reason was that local readings were  
required, the reading obtained being intended to represent a region o f  
less than 10 m in diameter.  Given the undulating topography o f  the area, 
it was considered p oss ib le  that, at a higher e levat ion,  the detector may 
have picked up on lateral em iss ion s  coming from hi l locks  etc. adjacent  
to the area where the reading was being taken from. Count times were  
typical ly  15-20 minutes long resulting in total counts o f  between 5000  
and 10 ,0 0 0 .
3 .5 .2 .  C hem ica l  A n a lys is
3 .5 .2 .1 .  pH
The pH value o f  the soil  was measured in situ. A small  depress ion was
made in the peat and a l lowed to fill s l ightly  with so i l  water. A calibrated
portable pH electrode and temperature probe were then inserted into the
hole  and left to equilibrate for 600  s before the reading was taken. In
very dry samples ,  some d is t i l led  water was added to the hole  to improve
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electrical conduct ivity.  For water samples ,  the probe and temperature  
probe were left to equilibrate for a period o f  60 s before being read.
3 .5 .2 .2 .  Eh
Eh measurements,  related to the redox potential  o f  the so il ,  were also  
made in situ. A hole  was made in the peat and a portable redox probe  
was then inserted into the hole.  The probe was left for 600 s to 
equilibrate before reading. For water samples ,  the probe was left to 
equil ibrate for 180 s before the reading was recorded.
3 .5 .2 .3 .  M ois ture  C ontent
On receipt into the laboratory, the weighed sample o f  soil  (approx. 10 -  
1 5 kg) was dried at 1 1 0°C for 48 hrs or to constant mass. When cool ,  the 
sample was reweighed, loss in mass being the moisture content.
3 .5 .2 .4 .  O rgan ic  M atter
Organic matter was determined via loss  on ignition for 4 hrs. A known  
mass o f  powdered soil  (approx. 5 g) was placed in a fired (900° C for 12 
hrs), pre-weighed crucible  and heated at 500° C for 4 hrs. The crucible  
was then coo led  in a dessicator  and weighed.  The loss o f  mass on 
ignit ion was taken as the amount o f  organic matter present in the sample,
3 .5 .2 .5 .  Cation  E x ch a n g e  C a p a c i ty
Cation exchange  capacity was measured using an adaptation o f  the 
sodium saturation method (Chapman, 1965).  4 .0  -  6.0  g o f  dried 
powdered soil  were placed in a round bottomed po lyethylene  centrifuge  
tube. 33 ml o f  a l .ON NaOAc solution (pH 7.5) were added and shaken
on a rotary shaker for 5 min to remove adsorbed cations.  The suspension  
was then centrifuged at 10 k rpm for 10 min, the supernatant being  
discarded. This procedure was performed three times. Three 33 ml 
aliquots  o f  propan-2 -ol were then used to rinse the soil ,  fo l low in g  the 
same centrifuge procedure as before. Finally,  three 33 ml al iquots o f  1 .0 
M N H 3OAC were used to desorb the adsorbed sodium. The supernatants  
in this final stage were fi ltered through a 0.45j^m filter before being  
combined and made up to 100 ml in a volumetric  flask. The sodium  
content  o f  the supernatant was determined using flame photometry. The 
amount o f  sodium adsorbed per gram o f  peat was then used to determine  
the cation exchange  capacity o f  the samples  in m eq / 100  g.
In order to est imate the reproducibil i ty  o f  the procedure, one  
hom ogenised  sample o f  soil  was subdiv ided into three portions,  each 
portion being analysed as above. The standard deviation o f  the results  
was less than 1 0%.
3 .5 .2 .6 .  H um ic  Acid  C ontent
The humic acid content o f  the samples  was determined via extraction  
with 0.5 IV1 NaOH (Stevenson ,  1965).  An accurately weighed amount  
( 1 . 0 - 2 . 0  g) o f  dried powdered soil  was placed in a 50 ml po lyethylene  
centrifuge tube to which was added 40 ml o f  0.5 M NaOH solut ion. The  
suspension  was shaken for 1 hr before being centrifuged at 1 0 k rpm for 
10 min. The supernatant was discarded and the solid  material was 
resuspended in fresh 0.5 M NaOH before being shaken for 1 hr and 
centrifuged as before.  This process  was repeated until the supernatant  
ran clear four su c ce s s iv e  times.  The sol id material was then resuspended  
in disti l led water and centrifuged as above. The so l ids  were then 
transferred to a fired, preweighed crucible  and dried at 1 10°C for 24 hrs. 
Once dry, the samples  were weighed, the humic acid content being the 
loss in sample mass,  expressed as percent (w/w).  The procedure was
repeated on three replicate samples ,  reproducibil i ty  being better than 
12%. Subtraction o f  the humic acid percentage from the total organic  
matter percentage provided a value for the non-humic  content o f  the 
samples.
3 .5 .2 .7 .  Tota l  Iron ,  M a n g a n e s e ,  Calc ium  and P o ta ss iu m
Weighed amounts o f  dried, powdered sample (approx. 1 g) were leached  
with 5 ml o f  3:1 HC1:HNC>3 for 1 hr at.90°C before being filtered through 
a glass fibre pre-filter,  then through a 0.45 jim filter. The leachates were  
transferred to 100 ml volumetric  flasks and made up to volume with 
dis ti l led water. The iron, manganese  and calcium contents o f  the 
leachates were measured using atomic absorption spectrometry,  
potassium being measured by flame photometry.
*/ \
3 .5 .2 .8 .  So luble  Iron ,  M a n g a n e s e ,  Ca lc ium  and P o ta ss iu m  C ontent
A known amount o f  dried powdered soil  (approx. 10 g) was placed in a 
beaker with 50 ml o f  dis t i l led  water and shaken for 1 hr. The suspens ion  
was then fi ltered through a glass fibre pre-filter before being fi ltered  
through a 0.45 jim filter. The so lut ions  were then added to 100 ml 
volumetric  flasks and brought up to volum e with disti l led water.
3 .5 .3 .  S equ en t ia l  E x tra c t io n s
The chemical reagents used to extract the various fractions o f  the peat 
were those  adopted by Greeman (1990) ,  the so l id / l iquid  ratios being  
those  o f B u n z l  et a I (1995) .  These  methods offer a number o f  advantages  
over those  such as Rose  et a l  (1 9 7 7 )  by using reagents that are more 
spec if ic  than those o f  earlier workers. Hence,  M gC h replaces NH4OAC 
for the extraction o f  exchangeable  cations,  and NaOCl replaces the more
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aggress ive  hydrogen peroxide for the extraction o f  easi ly  oxid isable  
organic matter. No distinct ion was made between manganese and iron 
oxides  in the se lec t ion  o f  sodium dithionite  as the extracting agent. All 
reagents were adjusted to pH 5 +/-  0.5 as this approximates the actual pH 
o f  the soil  samples.
3 .5 .3 .1 .  Seq u en t ia l  C hem ica l  E x tr a c t io n s  - M eth od s
The fo l low ing  procedures were used for the sequential  chemical  
extractions o f  the soil.  All practicable means were taken to ensure that 
no cross contamination occurred between samples  and that no sample  
was lost at any point in the procedure.
3 .5 .3 .1 .1 .  E x c h a n g e a b le  C at ions
1 OOg of powdered, dried soil  was placed in an acid washed (10% HNO3 
for 4 days) 1 1 po lyethylene  bottle. 600 ml o f  1 M M g C h  was added and 
the bottle was shaken on a shaker table for 2 hrs, at room temperature,  
before being let stand for 30 min. The supernatant was fi ltered  
(Whatman N o .6), the solids  being washed with 300 ml o f  disti l led water  
and refiltered. The washings  were added to the initial filtrate and 
filtered through a 0.45 \im filter. The solution was stabi lised with 1 ml 
of  concentrated HNO3 and made up to 1 1 with extracting agent before  
being prepared for gamma analysis.  The solid  residue was then returned 
to the plastic bottle for the next extraction.
3 .5 .3 .1 .2 .  E asi ly  O x id isa b le  O rgan ic  M atter
To the solid  residue from the previous stage were added 600  ml o f  an 
aqueous 5% NaOCl solution. The bottle was shaken for 2 hrs then let 
stand for 30 minutes.  It was necessary to periodically  vent o f f  gaseous  
chlorine produced in the reaction and no attempt was made to reduce the
s ignif icant amount o f  heat generated in the bottles by the oxidat ion of  
the organic matter. The supernatant was poured into 50 ml centrifuge  
tubes and centrifuged at 10 k rpm for 5 min. The supernatant l iquid was 
stored, the solids  being returned to the bottle and washed with 300 ml o f  
dis ti l led water. The solids  were kept suspended and the mixture was then 
centrifuged again at 1 0 k rpm for 5 min. The supernatants were bulked,  
and brought to 1 1 with extracting solution before being prepared for 
gamma analysis.
3 .5 .3 .1 .3 .  E x tr a c ta b le  Iron (and M a n g a n e s e )  Oxides
**■
The solid residue o f  the previous stage was mixed with 600  ml o f  
extracting solution  cons is t ing  o f  50 g sodium dithionite  per litre o f  a 
0.3 M sodium citrate /0.2 M sodium bicarbonate buffer. The mixture was 
maintained at 80° C for 1 hour, in a . water bath. It was necessary to 
release hydrogen sulphide gas at various stages  in the extraction. Once  
comple te ,  the suspens ion  was a llowed stand for 30 min, the-supernatant  
was centrifuged at 1 0 k rpm for 5 min, the solids  being washed with 300  
ml o f  disti l led water before being centrifuged again. The supernatants  
were bulked, and fi ltered through a 0.45p,m filter. The extracts were then  
brought to 1 1 with extracting solution before being prepared for gamma  
analysis.
A blank was prepared for each extraction, cons ist ing  o f  the appropriate  
volume o f  extracting solution without  any soi l .  The blanks were treated 
in exactly the same manner as the samples.  Reproducib il ity  was 
estimated by conducting the extractions on four aliquots o f  an 
hom ogenised  soi l  sample. The RSD for each extraction over the four 
samples was better than 18%.
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3.5.4.  Chemical  Analysis  - Water
3 .5 .4 .1 .  pH and Eh
Measurements  o f  pH, Eh and conduct iv ity  were conducted in the field  
using calibrated portable probes,  an equilibration time o f  greater than 60 
s being a llowed before a reading was taken.
3 .5 .4 .2 .  Tota l  D is so lv e d  Solids
A 50 ml aliquot o f  fi ltered (0.45 |im) unacidif ied sample was placed in a 
weighed, acid washed and fired 100 ml porcelain evaporation dish. The 
sample was then placed on a steam bath until the liquid was com plete ly  
evaporated and the dish was then dried at 80°C. Upon coo l ing  to room 
temperature in a dessicator  the dish was reweighed and the d is so lved  
solid load o f  the sample calculated. All samples  were analysed in 
triplicate, the average o f  the three results being reported.
3 .5 .4 .3 .  M eta l  A n a lys is
Analysis  o f  the water samples  for total iron and uranium was conducted  
by PlasmaTech Ltd, B u s iness  Innovation Centre,  Ba l l inode,  Sl igo using  
Inductively  Coupled Plasma Mass Spectrometry (Varian PlasmaQuad).  
Operational condit ions  were as follows:
R f  power: Forward - 1.4 kW 
R eflected  - 4 W 
Gas control: Auxiliary - 0.55 1/min 
Coolant - 12.75 1/min 
Nebuliser  - 0.911 1/min
Spray chamber: D oub le  bypass,  water coo led  Scott-type
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Ion sampling: Nicke l  1.0 mm orifice  sampling cone,  nickel  0.75  
mm orifice skimmer cone.
Vacuum condit ions: Expansion - 2.7 . 10° mbar, intermediate
-0x1 O'4 mbar, analyser - 3.7 . 10'6 mbar.
Sample flow: 1 ml/min.
Torch: Conventional ICP-AES.
Nebuliser: Meinhard.
The instrument was calibrated with NIST traceable reference standards 
and quality control was conducted using a traceable riverine water 
reference so lut ion (SLRS-2 ,  National Research Council  Canada).  
Analys is  o f  this so lut ion under the analytical condit ions  employed for 
this project y ie lded results within 5% of  the stated value with a precis ion  
of  better than 10%.
i
3 .6 .  G e o s t a t i s t i c a l  A n a lys is
The data set from Survey 1 was entered into a matrix cons is t ing  o f  
east ing and northing co-ordinates  (m), (Table i, Appendix 1) and 
activ it ies  o f  the samples  for the radionucl ides  238U, 226Ra, 228Ra and 40K.
3 .6 .1 .  S e m i- V a r io g r a m  A nalys is
Semi-variogram analysis and theoret ical model f itting was performed  
using Variowin Ver.2 .2  (Pannatier, 1996)  and GEO-EAS (Englund and 
Sparks, 1988),  some analysis being conducted using GEOSTATISTICAL  
TOOLBOX (Froideuaux, 1990).  Although the gross features o f  semi-  
variograms can be determined relatively easi ly ,  f ine tuning o f  the range 
and sill  parameters was conducted using a cross validat ion procedure in 
conjunction with s imple  point kriging. Cross validation invo lves  the 
elimination o f  a known sample point from the matrix and the est imation
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of  that point us ing the kriging condit ions  and semi-variogram model  
chosen. The process  is repeated until all samples  have been estimated.  
The comparison o f  the est imates with the actual values a llows  
assessm ent  o f  the performance o f  the kriging procedure (and the semi-  
variogram parameters).  Between  10 and 20 models  were tried for each  
semi-variogram (omni- and direct ional) ,  the models  differing in range 
and sill value,  the model producing the low est  average error and the 
smoothest  error map being selected. An omni-direct ional semi-variogram 
was constructed for each radionucl ide as well  as four directional semi-  
variograms for each radionucl ide to assess  the degree o f  anisotropy  
present.
3 .6 .2 .  K r ig ing
Ordinary block kriging o f  the data was performed using GEO-EAS.  
Areas o f  250 x 250 m were established,  16 est imated points lying in each 
block, resulting in a grid o f  320  est imates.  A search radius o f  1200 m 
was implemented around each point to be est imated,  a minimum o f  3 
known points being required in each search radius (maximum 14) before 
estimation would take place. The search condit ions  employed were based 
on the results o f  an ex tens ive  series o f  cross validation analyses.  Once  
the kriging process  was f in ished, the est imates were contoured using the 
GEO-EAS contouring sub-program. Where the natural logarithms o f  data 
were used in the kriging process ,  back transformation was achieved  
using the equations  provided by Litaor (1995) .
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4.0. RESULTS and DISCUSSION
4 .1 .  Sp at ia l  D is tr ib u t ion  o f  R a d io n u c l id e s
One o f  the primary object ives  o f  the project was to establish how natural 
radionucl ides  were distributed within the soil  o f  the Cronamuck Valley.  
This sect ion  d iscusses  the results o f  Survey 1 which was conducted in 
order to ascertain how natural radionucl ides  are distributed within the 
valley via the implementation o f  a geostatis tical procedure.
4 .1 .1 .  Su rvey  1: P re l im in a ry  I n v e s t ig a t io n s
The data set from Survey 1 cons isted  o f  spatial co-ordinates and spec if ic  
activ it ies  o f  238U, 226Ra, 228Ra and 40K for 60 samples  drawn from the 
survey region. Summary statist ics for each o f  the radionucl ides  are 
presented in Table III, raw data being presented in Table i., Appendix 1. 
A1 ] o f  the radionucl ides  distributions are in f luenced by the presence o f  
small numbers o f  samples  exhibiting high levels  o f  radionucl ides  
causing the frequency distributions for the radionucl ides  to skew to the 
left (Fig. 15a ). Only 40K passes  the Kolm ogorov  -  Smirnov test for 
normality (p = 0 .574 ) ,  with 228Ra passing the test (p = 0 .073 )  only after 
removal o f  the largest three values from the data set,  re f lec t ing  the 
underlying normal distribution o f  the 228Ra data set. Construction o f  
probability plots for the four radionucl ides  indicated lognormal  
distributions for 238U, 226Ra and 228Ra (Fig. 15b.) . The probability plot  
for 40K supported the normal distribution indicated by the initial  
statistical analysis o f  the data. If  two or more distributions are identical  
then quantile-quantile  plots o f  the distributions will  produce a straight 
l ine (Srivastava and Isaaks,  1989).  In order to investigate  the 
relationship between the distributions o f  the three radionuclides,  the data 
set for each radionucl ide was ranked in ascending order and both 226Ra 
and 228Ra were plotted against 238U (F ig .16.).
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Ra Ra - * k  ' ^ / m U
N 60 60 60 60 60
Mean 79.3 104.7 35.8 526.4 i.7o ;
Std. Dev. 149.9 125.5 25.1- 278.1 1.02 -
Skew. 3.78 1.50 1.93 -0.06 0.85 -
Min. 2.7 4.0 3.0 8.0 0.47
25% tile 20.0 24.5 22.6 354.3 1.21
Median 29.5 47.7 30.5 551.3 • 1.47
75% tile 87.9 111.3 39.0 697.0 2.11
Max. 788.0 479.0 135.0 1088.0 5.54
226 23 8Table III. Summary statistics o f  sample activ it ies  and Ra/ U activity  
ratios o f  samples  taken in Survey 1. Act iv i t ies  in Bq/kg.
22 8 23 8The Ra and U distributions  remain relatively similar at the.lo^wer 
end o f  each distribution although the distribution of  226Ra differs
s ignif icantly  from 238U across the entire range o f  values.  Signif icant
228 2^ 8differences between the Ra and “ U distributions are however obvious  
at the higher end. Such a plot for a normal distribution should yie ld a 
straight l ine and this fact serves  to demonstrate that the deviation from
O O ix O O Q
normality in the Ra and Ra sets is primarily caused by the high 
values in the sets.  As this project is concerned mainly with the three
o  q
radionucl ides  Ra, Ra and U, the degree  o f  correlation between  
these radionucl ides  was tested using Spearmans rho correlation for non­
normal distributions.  Each o f  the radionucl ides  exhibited strong  
correlation with each other (Table IV ).
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228Activity Ra Bq/kg
300 60
Activity Bq/kg
Figure 15a. Histograms o f  the distributions o f  238U, 226Ra, 228Ra and 40K
for the 60 samples  o f  Survey 1
To investigate  whether the radionucl ide content  o f  samples  extracted  
from the part o f  the val ley underlain by the granite differed from the 
radionucl ide content  o f  samples  drawn from the metasediment area o f  the 
valley ,  the Survey 1 data set was split into two groups,  the groups being  
designated on-pluton and off-pluton for convenience .  Summary statistics  
for the two groups are presented in Tables Va and Vb, raw data for both 
sets is presented in Table i, Appendix 1.
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Figure 15b. Probability plots of, (i) 238U, 226Ra and (ii). 228Ra and 40K. 
Note  log scaling o f  x-axis  for 238U, 226Ra and 228Ra.
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Figure 16. Plot o f  226Ra and 228Ra against 238U, all ac tiv it ies  ranked in 
ascending order. Note  logarithmic scal ing. Values  in Bq/kg,
'  ^ R a '  -
238u Correlation Coeff ic ient  
Signif icance  (2 tailed)  
N
1.000
60
0 .858*
0 .000
60
0 .804*  , 
0 .000  
60
2zbRa Correlation Coeff ic ient  
Signif icance  (2 tailed)  
N
0.858*
0 .000
60
1.000
60
0 .735*
0 .000
60
228Ra Correlation Coeff ic ient  
Sign if icance  (2 tailed)  
N
0.804*
0 .000
60
0 .735*
0 .000
60
1.000 -
>
60 _
Table IV. Correlation matrix for 238U, 226Ra and 228Ra activ it ies  for,the 
data set o f  Survey 1. * denotes  s ign i f icance  at the 0.05 (2 tailed) level .
The average U 238 value for the on-pluton set is 4.6  times the average for 
the off -pluton set, the magnitude being approximately the same for 
Ra226 (4 .92) .  Average Ra228 levels  for the on-pluton set are only greater 
than the off -pluton set by a factor o f  1.37.  Both minimum and maximum
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values remain higher for the on-pluton set for 238U, 226Ra and 228Ra while  
the maximum values for 40K are comparable.
226Ra 22irRa 4UK i26Ra/25*U<
N 
Mean 
Std. Dev.  
Miri. 
Med.  
Max.
14
199.7
2 34 .6
33.0
125.3
788.1
14
268 .8
124.9
48.5
260 .0
479 .0
14
4,4.42
24.5
22.6  
37.8  
117.3
14
704 .2
267 .9
162.0
788 .4
1015.1
14 
2.1 
1.1 
0.5 
2.1 ' 
5.5 ~
Table Va. Summary statist ics for the on-pluton data set. Act iv it ie s  in 
Bq/kg.
™ R a - ^
\
N 46 46 46 46 46
Mean 42.7 54.5 32.3 472 .5 1.5
Std. Dev. 79.5 69 .0 ■ 24.3 254.5 0.6
Min. 2.7 4.0 3.2 8.1 0.5
Med. 25.3 39.7 28.3 519.1 1.4 '
Max. 546.0 393 .0 135.0 1088.1 3.4 '
Table Vb. Summary statist ics for the off -pluton data set. Act iv it ie s  in 
Bq/kg.
The off-pluton set is affected strongly by a small  number o f  elevated  
238U values ,  95% o f  the data remaining be low 58.7  Bq/kg,  the maximum 
value being 546.0  Bq/kg. The same is also true for the 226Ra data, the 
95% tile being only 21% o f  the maximum value for the data set. The 
226Ra values for the on-pluton data exhibit  this feature to a lesser  extent  
as the maximum value is only 13% greater than the 95% tile value. The  
238U values for this data set (on-pluton) are affected by e levated levels ,
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80% of  the samples  containing less than 152 Bq/kg, the maximum value  
being 788 Bq/kg (5 .18 times the 80% tile) . 228Ra statistics .are  similarly  
affected by a small n u m b er .o f  e levated leve l s  in both data sets.  The 
maximum 228Ra level is 3 .27  times the 80% tile in the off -pluton set and 
2.55 times the 80% tile for the on-pluton set. To test whether the two  
sets o f  data are s ignif icantly  different with respect  to radionucl ide  
activit ies ,  a Mann-Whitney test for non-normal distributions was 
implemented. The results o f  this test indicate that a signif icant  
dif ference exists between the act iv it ies  exhibited in peat samples  taken 
from the granite region (on-pluton set)  and those  taken from the 
metasediment region (of f-pluton set). 238U (p < 0 .001) ,  226Ra (p < 
0 .001 ) ,  228Ra (p = 0 .03 )  and 40K ( p 0 .01)  ac tiv it ies  are all higher in 
samples drawn from the granite region. The ratio 226Ra/238U was. not 
s ignif icantly  different {p = 0 .063) .
Construct ion o f  scatterplots for the data sets (Figs. 17-20) a l lows  
preliminary investigation o f  how  the radionucl ides  are distributed 
throughout the survey area. A cursory inspect ion  indicates the clustered  
presence o f  e levated 238U, 226Ra and 228Ra values  in the south-western  
corner o f  the survey region which corresponds to soi ls  underlain by the 
granite. The high values  for the radionucl ides  in the non-granite region  
which heavily  in f luenced the statist ics for the off -pluton data set are 
v is ib le  in the south-eastern region o f  the valley.  Also v is ib le ,  bes ide  the 
highest 238U values,  are a series o f  much lower values indicating.a sharp 
decl ine  in 238U levels  over a relatively  small distance.  The scatterplot  
for 40K indicates  a broader spread o f  va lues ,  high values  occurring  
throughout the sampled region.
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Figure 17. Scatterplot of 238U values for. the 60 samples of  Survey 1. 
Values in Bq/kg. Axes units -  m. Note that sample values have been 
rounded down to nearest whole number for clarity.
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Figure 18. Scatterplot of 226Ra values for the 60 samples of Survey 1. 
Values in Bq/kg. Axes units -  m. Note that sample values have been 
rounded down to nearest whole number for clarity.
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Figure 19. Scatterplot o f  228Ra values  for the 60 samples  o f  Survey 1. 
Values  in Bq/kg. Axes units -  m. Note  that sample values have been  
rounded down to nearest whole  number for clarity.
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Figure 20. Scatterplot o f  40K values  for the 60 samples  o f  Survey 1. 
Values in Bq/kg. Axes  units -  m. Note  that sample values have been  
rounded down to nearest whole  number for clarity.
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In order to investigate  whether the average radionucl ide levels  and the 
variability between samples  remains constant throughout the Survey 1 
region, a technique based on the principle  o f  ‘moving w in d o w s ’ was  
used. M oving  windows invo lves  the setting up o f  smaller sub-regions  
throughout the greater survey area and determining summary statistics  
for the samples  located within each sub-region. Analysis  o f  the results of  
such an exerc ise  a llows determination o f  whether trends exis t  within the 
samples region in relation to variability between samples  and average  
radionucl ide levels .  The ex is ten ce  o f  trend within a data set has 
important implicat ions  with respect to the Intrinsic Hypothesis  as 
outlined in Section 2.2.
As the number o f  samples  used in this study was relatively small,  it was 
realised that large windows would be required thereby reducing the total  
number o f  windows obtained. It was therefore decided that overlapping  
windows would be used in order to provide a realistic number o f  
windows,  each conta in ing approximately 10 individual samples.  The  
window s ize  chosen was 2 000  m by 2000  m and this window was moved  
through the greater survey region as fo l lows. The initial window was 
placed in the bottom left corner o f  the survey region (Window 1) and 
summary statistics  for the samples  contained within that w indow were 
calculated. The window was moved 500 m to the right (Window 2) and 
summary statistics were calculated. The window was then moved another 
500 m to the right and so on until the right hand limit o f  the survey  
region was reached. It was then returned to the left hand side but to a 
pos it ion 500 m more northerly than W indow 1. This process  was 
repeated until all the area had been covered resulting in the production  
o f  summary statist ics for a total o f  35 windows.  Once all the windows  
had been obtained, summary statist ics for 238U, 226Ra, 228Ra, 40IC and
226 238 JRa/ U were calculated. Tabulated results are provided in Tables Via 
through VId 7 raw data is presented as Table ii, Appendix  1.
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29.7
36 .06 . 
27.03
28 .22
13.58
25.42
14.49
24.09
14.41
23.28
15.51
18.82
10.90
128.93
213.17
134.17
222.29
124.10
224.97
88.25
203.85
29.44
26.67
30.98
28.57
27.20  - 
28.62
128.93
213.17
134.24 
21 1.95
222.68
554.84
97.21
202.93
39.08
39.08
31 .46 
27.33
29.10  . 
28 .57
257.78
288.92
218.35 
275.1 8
222 .55
291.76
143.85 
240 78
79.37
150.91
71 .01 , 
134.55
75.75 ; 
144.49
252.37
272.5 9
217.08  
261 .35
196.93
271.43
162.12
259.05
96.59
162.92
86.89
155.28
76.15 . 
144.28
Table Via.  Summary moving w indow statistics  for 238U. All values  in 
Bq/kg. Upper figure denotes  average value,  lower figure denotes  
standard deviation.
53.44
67.24
61.85  
61 .19
42 .14
15.47
31.80
15.14
29.21
15.81
25.96
16.27
25.62  , 
16.45 '
187.51
169.40
186.64
174.41
166.16 
179 55
92.63
144.22
42.41
38.61
41 .73 
42.05
38.97  
44 .22 :
1 87.51 
169.40
195.67
169.49
188.62
178.73
110.50
153.03
61 .65 
79.96
41 .20 
40.01
39.75  " 
43 .60
304.2 9  
1 12.90
260.65 
1 50.44
256.85
165.82
145.84
171.29
87.33
123.77
72.35
98.53
78.82
104.62
329.44
87.27
282 .47  
1 45.45
233.3 8 
168.46
164.05 
1 81 .23
109.80
131.87
91 .64 
109.42
82.03
102.83 '
Table VIb. Summary moving window statistics for 226Ra. All values  in 
Bq/kg. Upper figure denotes  average value,  lower figure denotes  
standard deviation.
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22.95
9.83
27.27
6.20
30.21
10.88
25.35
12.92
23.43
12.76
21 .95 
13.80
19.69
10.88
34.85
28.04
35.90
28.82
39.45
27.95
37.36 
31 .86
36 .32
38.02
37.98 
41 .09
37 .34
43.29
34.85
28.04
37.94
28.38
41 .71 
28 .60
41.14  
31 .99
40 .38  
38 24
38.48
38.55
39.12 
42 .02 .
48.51
30 .70
45.07
30.87
46.26
32.33
47.76
34.13
39.16
30.12
43.74
37.61
46.99
39.28
50.83
27.79
48.00
28.27
45.14
29.23
52.55
34.51
55.67
39.77
53.20  
39.1 1
47 .08
38.97
Table Vic.  Summary moving window statist ics for 228Ra. All values  in 
Bq/kg. Upper figure denotes  average value,  lower figure denotes  
standard, deviation.
51 7.01 
183.60
564.4 7  
1 1 3.09
614.37
238.90
491.7 9
306.98
461.91
294.53
435.0 8
313.40
368.08  , 
238 .89
566.96
295.93
549.68
298.82
572.99 
306 63
41 7.93 
31 .23
421.3 6
328.80
418.6 9
336.70
340.96
260.32
566.96
295.93
539.92
286.71
307.6 9
1.95
441.1 0  
358.91
446.32
372.95
45 7. 10
390.01
380.40
366.67
660.28
309.22
559.92
320.5 0
495.72
291.42
407.03
340.64
410.1 8
355.85
443.85
345.60
416.95
343.55
698.30
309.0 6
591 .22 
334.41
497.45
303.09
377.04
304.30
431 .73 
325 .13
463.04
339.17
461.88
339.70-'
Table VId. Summary moving window statistics  for 40K. All values in 
Bq/kg. Upper figure denotes  average value,  lower figure denotes  
standard deviation.
Examination, o f  the results o f  the moving w indow analysis highlights  the 
trend in the data that was initia lly  suggested  by the scatterplots o f  the 
data. Average 238U, 226Ra and 228Ra values all increase steadily  on
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moving from the north-eastern corner o f  the survey region (underlain by 
metasediments ) to the south-western corner (underlain by granite). The 
trend is not as v is ib le  for the 40K values.  While  an analysis such as this 
does highlight trends within the greater survey region, the presence o f  
elevated values  in the centre o f  the region, as indicated by the 
scatterplots o f  the data, is not evident  due to the smoothing effect o f  the 
averaging process.  The highest standard deviat ions  for both 238U and 
226Ra occur in the central area o f  the survey region, this fact being  
indicat ive o f  the c lose  juxtapos it ion  o f  samples  conta in ing elevated  
radionucl ide act iv it ies  and samples  conta in ing much lower act ivi ties.
Standard deviations o f  the radionucl ide  levels  for the samples contained  
within each window also increase in a similar manner to the average  
levels.  This feature indicates a certain proportionali ty between the 
average radionucl ide leve ls  and the variability o f  the levels .  In order to 
investigate  this proportionality further, plots were constructed o f  the 
w indow average against the w indow standard deviation for each o f  the 
four radionucl ides  (F ig .21 .-24).  An analysis o f  such plots a llows  
determination o f  the extent o f  this proportionality if  it exis ts  and 
provides  further information on the nature o f  the distribution o f  the 
radionucl ides.
The proportionality between the w indow radionucl ide averages and 
standard deviations indicated by the moving w indow analysis is strongly  
upheld by the results o f  the average -  standard deviation plots.  The 
effect is strongest for 238U and virtually non exis tent  for 40K. 226Ra 
exhibits  a strong but non linear relationship between the two parameters.  
Srivastava and Isaaks (1 9 8 9 )  attribute a proportional effect to the data 
being log normally distributed which is indeed the fact in this case.
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Figure 21. Plot o f  238U window  average against 238U window  standard 
deviation. Units in Bq/kg.
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4 . 1 . 1 . 1 .  S u m m a r y
The p rev io u s  ana lys is  o f  the  Survey  1 data  set  serves  a n u m b e r  .of 
pu rposes .  K n o w le d g e  o f  the f ea tu res  o f  the data  set  a l low s  an a s s e s s m e n t  
o f  what p ro b lem s  are l ike ly  to be e n c o u n te re d  in fu r the r  s tages  o f  the 
ana lys is  and  a lso  p re d ic t s  p ro b lem s  tha t  may a r ise  in th e  im p le m e n ta t io n
t
o f  any po in t  e s t im a t io n  p rocess .  Two fea tu res  in p a r t i cu la r  are o f  
c once rn ,  the p re s e n c e  o f  a t r en d  for th ree  o f  the  r a d io n u c l id e s  and the  
c lose  j u x t a p o s i t i o n  o f  s am p les  e x h ib i t in g  c o n t r a s t i n g  levels.  How, and to 
what  ex tent ,  th e se  fea tu res  a f fec t  s u b s e q u e n t  p ro c e d u re s  im p le m e n te d  on 
the  data  set , in th is  case ,  g e o s ta t i s t i c a l  o p e ra t io n s ,  c an n o t  be p re d ic ted  
unt i l  at leas t  the  p re l im in a ry  s tages  o f  such  ana lyses  have  been  car r ied  
out.
In re la t ion  to the  d i s t r ib u t io n  o f  the  r a d io n u c l id e s  w i th in  the  valley,  an 
in it ia l  exam ina t ion  o f  the  da ta  set  in d ica te s  tha t  a s ta t i s t i c a l ly  
s ig n i f ic an t  d i f f e ren ce  ex is t s  b e tw een  levels  o f  the  r a d io n u c l id e s  (238U, 
Ra and Ra in pea t  u n d e r l a in  by g ran i te  and tha t  u n d e r la in  by the  
m e ta se d im e n ts .  The  average  u 238 level over the  g ran i te  is 4.6  t im es  the  
level over  the  m e ta s e d im e n t s ,  the va lues  for 226Ra b e ing  4.9 and 1.37 for 
228Ra. The d i f f e ren ce  is a lso  a p p a r e n t  in the  s c a t t e rp lo t s  o f  the  data ,  h igh  
va lues  t e n d in g  to c lu s t e r  tow ards  the s o u th -w e s te rn  p o r t i o n  o f  the 
su rveyed  area.  E x a m in a t io n  o f  the  o f f -p lu to n  data  sets  in d ica te s  tha t  
t r a n sp o r t  o f  r a d io n u c l id e s  o f f  the  p lu to n  may be o ccu r r in g ,  the data  set  
be ing  s t rong ly  e f fec ted  by the  p re s e n c e  o f  a smal l  n u m b e r  o f  s am ples  
drawn from the  m e ta se d im e n t  a rea  ex h ib i t in g  h igh r a d io n u c l id e  leyels.
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4 . 1 . 2 .  S u r v e y  1:  S e m i - v a r i o g r a m  A n a l y s i s
The p r im ary  too l  in any g e o s ta t i s t i c a l  s tudy  is ana lys is  o f  the spatia l  
c o n t in u i ty  o f  the  data  u s ing  a s em i -var iog ram .  Such an ana lys is  invo lves  
s ep a ra t in g  the data  set  in to  pairs  o f  s am ples  each  s ep a ra te d  by a cer ta in  
d i s ta n ce  or lag. H a l f  the  v a r ia n ce  o f  the  d i f fe ren ce  in the  v a r iab le  va lues  
e x h ib i te d  by the  pa irs  o f  s am ples  sep a ra ted  by tha t  lag is then  p lo t ted  
aga ins t  the  lag in c re m en t  to form a raw sem i-var iog ram .  A mode l  is then 
f i t ted  to the  raw s em i -v a r io g ram  in o rde r  to d e sc r ib e  the spat ia l  
c o n t in u i ty  over the  w h o le  su rvey  region.
Two p o te n t ia l  p rob lem s  are in d ic a ted  by the in it ia l  ana lys is  o f  the 
Survey  1 data  set. The fi rs t  is the  fact  that  the  m a jo r i ty  o f  the  
r a d io n u c l id e s  ap p ro x im a te  log norm al  d i s t r ib u t io n s ,  the  second  being. the  
t rend  in the  data  se t  for a n u m b e r  o f  the  r a d io n u c l id e s ,  in d ic a ted  by the 
m ov ing  w in d o w  ana lys is .  Some re sea rc h e r s  (R endu ,  1979, L i taor ,  1995)  
sugges t  tha t  log normal d i s t r ib u t io n s  s h o u ld  be t r a n s fo rm e d  to norm al  
d i s t r ib u t io n s  before  s em i -v a r io g ram  ana lys is ,  w h i l s t  th is  is re fu ted  by 
o the rs  (Clarke ,  • 1979) who in d ica te  tha t  the  data  shou ld  only  be 
t r a n s fo rm e d  if the  log norm al  da ta  set  does  not p ro v id e  a sm oo th  semi-  
var iogram.  T h e  p re s e n c e  o f  a t rend  may also a f fec t  t h e . s e m i - v a r io g ra m  
by im pos ing  a pa rab o l ic  curve  on the  raw sem i -var iog ram .  The  final  
c o m p u te d  o m n i - d i r e c t io n a l  s em i -v a r io g ra m s ,  with  fi t ted  m ode ls ,  are 
show n  in F i g . ’s 25 - 28,  de ta i l s  o f  f i t ted  m o d e ls  are d i sp la y ed  in T ab le  
VII. D e p i c t i o n ’s o f  the  d i re c t io n a l  s em i -v a r io g ra m s  may be found  in 
A ppend ix  2.
The raw s em i -v a r io g ra m s  were  c o n s t r u c te d  and  th e o re t i c a l  m ode ls  f i t ted  
us ing  the  V ar iow in  (P an n a t ie r ,  1996) so f tw are  package .  Sem i-var iogram s  
were  only  p lo t te d  up to a lag d i s t a n ce  tha t  c o r r e s p o n d e d  to 
approximately h a l f  the  m ax im um  lag d i s ta n ce  p re s en t  in the  data  set.
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F igure  25. O m n i -d i r ec t io n a l  s em i -v a r io g ram  for In 238U. X axis  unit s  - 
m, y axis uni ts  - (In B q / k g ) 2.
T ( | h | )
F igu re  26.  O m n i -d i r e c t io n a l  s em i -v a r io g ram  for 226Ra. X axis  un i ts  - m,
y axis unit s  - ( B q /k g )?.
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F igu re  27.  O m n i -d i r ec t io n a l  s e m i -v a r io g ra m  for 228Ra. X axis un i ts  - m, 
y axis un i ts  - ( B q /k g ) 2.
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F igu re  28.  O m n i -d i r e c t io n a l  s em i -v a r io g ram  for 40K . X axis  un i ts  - m, y 
axis  units  - (B q /k g )2.
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T ab le  VII. T h e o re t i c a l  m ode ls  f i t ted  to s em i -v a r io g ra m s  o f  r a d io n u c l id e s  
o f  Survey  1.
This  p ro c e d u re  was fo l lo w e d  as the  n u m b e r  o f  pa i rs  c o n t r ib u t in g  to the  
sem i -v a r ian c e  d e c r ea se d  wi th  i n c re a s in g  lag d i s tan ce ,  r e su l t in g  in 
r e d u c ed  re l i ab i l i ty  at g rea te r  lag d i s tances .  In o rde r  to inv es t ig a te  the  
f iner  de ta i l  o f  the  sem i -v a r io g ram s ,  h - s c a t t e rp lo t s  were  em ployed  to 
d e d u ce  which  sam ples  c o n t r ib u te d  mos t  to the  sem i -v a r ian c e  at each  lag 
d i s tan ce  and to locate  any ab e r ran t  pairs  tha t  may have had an 
d i s p ro p o r t i o n a t e  effec t  on the  s em i -v a r i an c e  va lue  for each  lag. The  
t e c h n i q u e  o f  h - s c a t t e rp lo t s  invo lves  the p lo t t in g  o f  the va lue  o f  a 
v a r iab le  at loca t ion  w» ag a in s t  the  va lue  o f  the  same va r iab le  at a 
loca t ion  Wi+h, sepa ra ted  from wi by th e  v ec to r  h. Such p lo ts  a l lo w  the  
in v e s t ig a t io n  o f  which  pairs  o f  s am ples  are c o n t r ib u t in g  mos t  to the  
sem i -v a r ian c e  va lue  e x h ib i t e d  in the  s em i -v a r io g ra m  for the lag d i s tan ce  
tha t  c o r re sp o n d s  to h. All s em i -v a r io g ra m s ,  bo th  o m n i - d i r e c t io n a l  and 
d i re c t io n a l  for all r a d io n u c l id e s ,  were  a n a ly sed  in th is  fa sh ion  to 
d e te rm in e  ho w  r e p re se n ta t iv e  the  raw s em i -v a r io g ra m s  were  o f  the  
spat ia l  s t ruc tu re .  M ode l  f i t t ing  was a c c o m p l i s h e d  us ing  a leas t  squares  
p ro ced u re .  On average ,  ten  p o s s ib le  m ode ls  were  ca lc u la te d  for each  
sem i -v a r io g ram  and each  m ode l  was t e s t ed  us ing  a c ross  v a l id a t io n  
p ro c e d u r e  tha t  is d e sc r ib e d  in de ta i l  in S ec t ion  3 .5 .1 .  A sm oo th  semi-  
va r iogram  cou ld  not be o b ta in ed  for the  u n - t r an s fo rm ed  238U data set  so
the  v a r iab le  was t r a n s fo rm e d  u s in g  the  n a tu ra l  lo g a r i th m  of  th e  data  to 
p ro d u c e  a much s m o o th e r  sem i-var iog ram .
All the  r a d io n u c l id e s  e x h ib i t  s t rong  spa t ia l  c o r re la t io n ,  the range o f  
co r re la t io n  vary ing  am ong  the  r a d io n u c l id e s .  Over  the d i s tances  for 
w hich  the  sem i -v a r io g ram s  were  p lo t te d  the re  is no e v id e n c e  o f  t rend
23 8e x cep t  in the  U s e m i -v a r io g ra m  w here  the  b e g in n in g  o f  an a sc e n s io n  
may be o b se rv ed  at the  g rea te r  lag d i s tances .  This  fea tu re  is only  
e v id en t  in the  E-W and NE-SW  d i re c t io n a l  sem i -v a r io g ram s  for th is  
r a d io n u c l id e  (Fig. i., A p p e n d ix  3.) h ig h l ig h t in g  the p re sen c e  o f  the  t rend  
tha t  was i n d ic a ted  for th e se  d i re c t io n s  in the  m o v in g  w in d o w  analys is .  
No e v id e n c e  o f  the t rend  in the  226Ra va lues  is p ro v id e d  in. the 
d i re c t io n a l  s em i -va r iog ram s .  Th ree  o f  the  four  r a d io n u c l id e s ,  2j8U, 40K 
and 228Ra d isp lay  g e o m e t r ic  an i so t ro p y  in the i r  spa t ia l  s t ruc tu res .
The fea tu res  o f  the  sem i -v a r io g ram s  o f  mos t  in te re s t  are the re la t iv e ly  
long  ranges  o f  c o r re la t io n  and the  lack o f  “n u g g e t  e f f e c t ” or a random  
c o m p o n e n t  to the  spat ia l  s t ru c tu re  o f  the r a d io n u c l id e s .  The  s ig n i f i c a n t  
v a r ia t ion  in the range  o f  co r re la t ion  in the  N-S and E-W d i re c t io n s  for 
40K and 228Ra is in d ic a t iv e  o f  m ax im u m  spa t ia l  c o r re l a t io n  in the  
d i r e c t io n  with  the  lo n g es t  range ,  in th is  case  E-W. This  seem s  su rp r i s in g  
g iven  tha t  the  o r i e n ta t io n  o f  the  p lu to n  re la t ive  to the survey  area  w ou ld  
s u g g es t  m ax im um  co n t in u i ty  in the  N-S d i rec t ion .  H o w ev e r  in l igh t  o f  
the  fact  tha t  the in i t ia l  s t a t i s t i c a l  ana lys is  su g g es t s  t r a n s p o r t  o f  
r a d io n u c l id e s  o f f  the  p lu to n ,  th is  may no t  be so d e p e n d in g  on the 
d i rec t io n  and ex ten t  o f  the r a d io n u c l id e  m ovem ent .  An in sp e c t io n  o f  the 
m ov ing  w in d o w  data  (Tab le  VI) for 228Ra seem s  to in d ic a te  a m ore  
g radua l  r e d u c t io n  in va lues  on m ov ing  o f f  the  p lu to n  in an E-W  
d i rec t io n  than in a N-W  d i rec t io n ,  e sp e c ia l l y  in the so u th e rn  par t  o f  the 
su rveyed  region.
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4 . 1 . 2 . 1 .  S u m m a r y
The s em i -v a r io g ram  analys is  o f  the  r a d io n u c l id e s  in d ica te s  a level o f  
s u i ta b i l i ty  in re la t ion  to g e o s ta t i s t i c a l  e s t im a t io n  p ro ced u res .  All o f  the 
r a d io n u c l id e s  exh ib i t  a h igh  degree  o f  spa t ia l  c o r re la t io n  w i th o u t  nugge t  
e ffect ,  the  t r en d  p r e s e n t  in the  da ta  set  no t  m an i fe s t in g  i t s e l f  at lag 
d i s ta n ce s  less than  the  range  o f  co r re la t ion .  A l th o u g h  geo m et r ic  
a n i so t ro p y  is p re sen t  for som e  o f  the  r a d io n u c l id e s ,  no zona l  an i so t ro p y  
was e n co u n te re d .  The  leng th  o f  the  range  o f  c o r re l a t io n s  for the  
r a d io n u c l id e s  is s ig n i f ic a n t  as it a l lows  for m ore  acc u ra te  e s t im a t io n  of  
po in ts .  The  range  o f  c o r re l a t io n  governs  the  m a g n i tu d e  o f  the  sea rch  
rad ius  (the  a rea  a ro u n d  a p o in t  to be e s t im a ted  w i th in  which  p o in t s  
w h o se  va r iab le  va lues  are know n m us t  be loca ted  to be in c lu d ed  in the  
es t im a t io n  p ro c e d u re )  and th e re fo re  the n u m b e r  o f  s am ple  po in ts  to be 
used  in e s t im a t in g  the  u n k n o w n  point.  The  n u m b e r  of s am ples  
co n t r ib u te s  to the  accu racy ,  a la rger  n u m b e r  be in g  pre fe rab le .  The  la rge  
sea rch  rad ius  a lso a l lows  a r e d u c t io n  in the  n u m b e r  o f  po in ts  tha t  are no t  
p ro v id e d  with an e s t im a te  va lue  as a re su l t  o f  no t  hav ing  any know n 
sam p le  po in ts  w i th in  the  sea rch  rad ius .  A l th o u g h  the  effec t  o f  the  t rend  
in the  data  does  not im p in g e  on the  sem i -v a r io g ram  s t ru c tu re  unti l  after  
the  range  o f  c o r re la t io n  (and is th e re fo re  un l ik e ly  to af fec t  e s t im at ion ) ,  
the  p ro b lem  o f  c lo se ly  spaced  sam ples  o f  va ry ing  ac t iv i ty  rem ains  
una f fec ted  as a n e ig h b o u r in g  sam ple  will  a lways  exer t  more  w e igh t  on a 
po in t  to be e s t im a ted  than a more  d i s tan t  sam ple ,  i r r e sp e c t iv e  o f  the  
n u m b e r  o f  s am ples  used  in the  e s t im a t ion .
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4 . 1 . 3 .  E s t i m a t i o n :  K r i g i n g
In. o rde r  to ob ta in ,  as a cc u ra te  a p i c t u r e - a s  p o s s ib le  o f  the  spat ia l  
d i s t r ib u t io n  o f  the  r a d io n u c l id e s  w i th in  the  va l ley  and g iven  the  l imi ted  
data, set ,  .the g e o s ta t i s t i c a l  e s t im a t io n  procedure ,  know n as k r ig in g .w as  
im p lem en ted .  ■
4 . 1 . 3 . 1 .  C r o s s  V a l i d a t i o n  A n a l y s i s
Once s em i -v a r io g ra m s  had been  c o n s t r u c te d  and th e o re t i c a l  models  fit ted 
to. the  data, ,  the e s t im a t io n  process ,  known,  as. k r ig ing  was . .initiated.^ In 
o rde r  to o p t im ise  the e s t im a t io n  p ro ce ss ,  a c ro s s -v a l id a t io n  p ro c e d u re
was ad o p ted .  C r o s s rv a l id a t io n  ana lys is  invo lves  the .e l im ina t ing_of  single
I
know n data p o in t s  from the  data  set  and e s t im a t io n  o f  the  va r iab le s  va lue  
a t  the_ sam ples  locat ion.^ The. da ta  po in t ,  is . t h e n  rep laced  and_..the 
p ro c e d u re  is r e p e a te d  un t i l  all s am ple  lo c a t io n s  have  been  e s t im ated .  
C o m p a r i s o n  o f  the, true.-data set .  with, tha t  p ro v id e d  by. the.  e s t im a t io n  
p rocess  a l low s  for the  i n v e s t ig a t io n  o f  how  the  e s t im a t io n  p ro c e d u re  
performs, th r o u g h o u t  the  en t i re  da ta  set.
An in it ia l  ex p lo ra t io n  o f  how  the  p ro ce ss  pe r fo rm ed  across  the  data  set  is 
p ro v id e d  via the  use  of.bub.ble p l o t s , .th e . s i z e .o f  the  bubb les .p rov id ing^an  
in d ic a t io n  o f  the  a b so lu t e  er ror  in the  e s t im a te  at tha t  da ta  po in t  (Fig.  29 
- 32).  Fo r  th r e e  o f  the  fo u r -p lo t s ,  238U, 228Ra and 40K, p o o r - e s t im a t io n  
performance. .  is. e n coun te red ,  a l o n g . t h e  c o n tac t  o f  the.  p lu to n .  w i th . t h e  
m e ta se d im e n t s ,  i n d ic a ted  by the  p r e p o n d e r a n c e  o f  the  la rges t  er rors  in 
th is_reg ion .  This  poor,  p e r fo rm ance ,  is u n d o u b te d ly  caused_by  the„high  
v a r iab i l i ty  in soil  r a d io n u c l id e  a c t iv i t i e s ,  as in d ic a ted  by the  m ov ing  
w in d o w  s ta t i s t i c s ,  o v e i^ th e . c o n ta c t .o f  the  tw o_ l i tho log ies .
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Figure  29. B u b b le  p lo t  o f  the  238U e s t im a t io n  error  in the  60 sam ples  o f  
S urvey  1 u s ing  a c ross  v a l id a t io n  ana lys is  o f  the  k r ig ing  p rocedu re .  Dark  
c i rc les  d e n o te  over -e s t im at ion , .L igh t  c i rc les  d e n o te  u n d e r -e s t im a t io n .
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O)
2000.00
1000.00 -
0.00
0.00 1000.00 2000.00 3 0 0 0 .0 0 4 0 0 0 .0 0 5 0 0 0 :0 0
Easting m.-
F igu re  30. B u b b le  p lo t  o f  the 226Ra e s t im a t io n  e r ro r  in the  60 sam ples  o f  
Survey  1 us ing  a c ross  v a l id a t io n  ana lys is  o f  the  k r ig ing  p rocedu re .  Dark 
c i rc les  d e n o te  o v e r - e s t im a t io n ,  l igh t  c i rc les  d e n o te  u n d e r -e s t im a t io n .
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F igu re  31. B u b b le  p lo t  o f  the 228Ra  e s t im a t io n  e r ro r  in the  60 sam ples  o f  
Survey  1 us ing  a c ross  v a l id a t io n  ana lys is  o f  the  k r ig ing  p rocedu re .  Dark  
c i rc les  d e n o te  o v e r -e s t im a t io n ,  l igh t  c i rc les  d e n o te  u n d e r -e s t im a t io n .
0 .0 0  1 0 0 0 .0 0  2 0 0 0 .0 0  3 0 0 0 .0 0  4 0 0 0 .0 0  5 0 0 0 .0 0
Easting m.
Figure  32. B u b b le  p lo t  o f  the  40K e s t im a t io n  e r ro r  in the  60 sam ples  o f  
Survey  1 us ing  a cross  v a l id a t io n  ana lys is  o f  the  k r ig ing  p ro ced u re .  Dark  
c i rc les  d e n o te  o v e r -e s t im a t io n ,  l ig h t . c i r c le s  d e n o te  u n d e r -e s t im a t io n .
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The poor  p e r fo rm an c e  o f  the  e s t im a t io n  p r o c e d u re  for the  sam ples  
ex h ib i t in g  th e .h ig h e s t .  r a d i o n u c l i d e . a c t i v i t i e s  is a lso  d em ons t ra tecL by  
p lo ts  o f  e s t im a t io n  errors  ag a in s t  r a d io n u c l id e  va lues  (F ig .33-34) .  These  
p lo ts  in d ica te  the .  sm o o th in g  e f fec t  o f  the  k r ig in g  p ro c e s s ,  high, va lues  
be in g  c o n s i s t e n t ly  u n d e r e s t im a te d  and  low va lues  b e ing  o v e re s t im a ted .  
The  poor, e s t im a t io n  .for. c e r t a i n  areas, ,  ind ica ted ,  by the  b u b b le  plots.^for 
the  cross  v a l id a t io n  p r o c e d u re ,  is a lso  e v id en t  in the  c o n to u r  maps o f  the  
k r ig ing  standard,  devia t ions ,  for the  reg ion  (F ig .3 5-38.) .
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F igure  33. P lo t  o f  e s t im a t io n  e r ror  aga in s t  ac tua l  ac t iv i ty  for (i) 2l8U
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Figu re  34. P lo t  o f  e s t im a t io n  e r ro r  aga in s t  ac tua l  a c t iv i ty  for ( i i i)  226k a  
and-( iv)  40K. V a lu es  in Bq/kg.
Figure 35. C o n to u r  p lo t  o f  the  s tanda rd  d e v ia t io n s  o f  the  k r iged  e s t im a te s
fo r ln -238U
Figure 36. C o n to u r  p lo t  o f  the  s tanda rd  d e v ia t io n s  o f  the  k r iged  e s t im ates
f o r  226R a .
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F igu re  37. C o n to u r  p lo t  o f  th e  s tan d a rd  d ev ia t io n s  o f  the  k r iged  
e s t im ates  for 2-8Ra.
4000m
Figure  38. C o n to u r  p lo t  o f  the  s tanda rd  d e v ia t io n s  o f  the  k r iged  
e s t i m a t e s -f or-40 K .
The  h ig h e s t  k r ig ing .  s tandard ,  dev ia t ions .  o c cu r  in_ lo ca t io n s  e x h ib i t in g  
high r a d io n u c l id e  s p ec i f ic  a c t i v i t i e s  a s  i n d ic a ted  in the  c ross  v a l id a t io n
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ana lys is .  This  fea tu re  is due  to a c o m b in a t io n  o f  fac to rs  tha t  in c lu d e  a 
low sampl ing ,  dens i ty  in. the  south -eas te rn ,  co rn e r  o f  the study. reg ion .and  
the  o c c u r re n c e  o f  h igh r a d io n u c l id e  a c t iv i t i e s  in c lose  p ro x im i ty  with  
areas  e x h ib i t in g  low er  ac t iv i t ie s .
4 . 1 . 3 . 2 .  C o m p a r i s o n  o f  P o i n t  E s t i m a t i o n  P r o c e d u r e s
A c o m p a r i s o n  o f  th e  p e r fo rm an ce ,  o f  kr ig ing .  and  m ore ,  c o n v en t io n a l  
po in t  e s t im a t io n  p ro c e d u re s  ( t r i an g u la t io n ,  p o ly g o n a l  and inve rse  
d i s ta n ce  s q u a red )  was made  in o rde r  to exam ine  the p o s s ib le  benef i t s  o f  
g e o s ta t i s t i c a l  e s t im a t io n .  The  re su l t s  o f  th is  c o m p ar i so n  are  p re s e n te d  
a n d . d i s c u s s e d J n _ A p p e n d i x . 5 .. a s . the  p u b l i s h e d .p a p e r :
D ow dal l ,  M. and O ’Dea,  J. C o m p a r i so n  o f  P o in t  E s t im a t io n  
T e c h n iq u e s  in the  Spa t ia l  A na lys is  o f  R a d iu m -2 2 6 ,  R ad iu m -2 2 8  and
P o ta s s iu m -4 0  in Soil .
E n v i r o n m e n t a l  M o n i t o r i n g  a n d  A s s e s s m e n t  59.  1999. pp. ,.19L - 209.
4 . 1 . 3 . 3 .  S u m m a r y
\
The c o m p ar i so n  o f  the  g e o s ta t i s t i c a l  p ro c e d u re  with m ore  c o n v e n t io n a l  
e s t im a t io n  m e th o d s  h ig h l ig h t s  a n u m b e r  o f  po in ts .  K r ig in g  ou tp e r fo rm s  
t r i an g u la t io n ,  inverse^ distance. , squared -  and„ a p o ly g o n a l ,  m e th o d  J n  
r e la t ion  to the r e p ro d u c t io n  o f  the  sam ple  va lues  and the  d i s t r ib u t io n  o f  
the  e s t im a t io n  errors .  K r ig in g  a lso  p ro v id e s  e s t im a te s  with the  low es t  
mean error.  H ow ever ,  th e  m e th o d  does  no t  pe r fo rm  as well  as the  
p o lygonaLpr .ocedure  in . r e la t io n  to. r e p l i c a t in g  . th e . s t a t i s t i c a l .d i s t r ib u t io n  
o f  the  data  set.  Th is  fea tu re  is a d i rec t  re su l t  o f  the  sm o o th in g  o f  the  
k r ig ing  p ro cess  w hich  re su l t s  in c o n d i t io n a l  bias,  or over  and  u n d e r ­
e s t im a t io n  for sam ples  w h o se  r a d io n u c l id e  levels  are low or h igh
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re sp ec t iv e ly .  This  bias is a lso  e v id en t  in the  b u b b le  p lo ts  o f  the  cross  
v a l id a t io n  p ro c e d u re ,  the  h ig h e s t  e s t im a t io n  errors  o c cu r r in g  in 
a s s o c ia t i o n  with  sam ples  at e i th e r  end o f  the  sets  d is t r ib u t io n .  The  
p ro b le m  oLbias  is exacerbated .b .y  the_na tu re .o£ the  data  set  in re la t ion  to 
the  c lo se  p o s i t io n in g  o f  low and h igh  samples .
W h e th e r  or no t  the  k r ig ing  p ro c e ss  offers  s ig n i f ic a n t  a d v an tag es  over  the  
o ther ,  m ore  t r ad i t io n a l ,  m e th o d s  d ep en d s  la rge ly  on what is r e q u i re d  
from, the p ro ced u re .  In .  th is  i n s t a n c e , .. a gene ra l  ap p ra isa l -  o f —the  
d i s t r ib u t io n  o f  r a d io n u c l id e s  w i th in  the  va l ley  was des i red ,  with  the  
id e n t i f i c a t io n  o f  e n r i c h ed  areas .  O f  l e s se r  co n ce rn  was the  ac tua l  a c t iv i ty  
o f  the  sam ples  in th e se  areas .  H o w ev e r ,  a l th o u g h  kr ig ing  p e r fo rm ed  well  
w i th in  the  c o n t e x t - a n d  o b je c t iv e s  of.  this.  study,,  the resu l t s  o l  jhe  
p rev ious  ana lys is  in d ic a te  th a t  in a s i tu a t io n  in vo lv ing ,  for exam ple ,  
e s t im a t io n  to assess  c o m p l ia n c e  with r eg u la to ry  controls , :  k r ig ing  may 
not be the  m os t  su i t a b le  p r o c e d u re  to use.
4 . 1 .4 .  D i s t r ib u t io n .  o f . R a d i o n u c l i d e s  within ,  the  C r o n a m u c k  Valley^
C o n to u r  maps o f  the  spec i f ic  ac t iv i t i e s  o f  the  r a d io n u c l id e s  were  
c o n s t r u c t e d  us ing  the  e s t im a te  g r ids  p ro v id e d  by the  k r ig ing  p rocess .  
Th ese  maps are p r e s e n te d  in Fig. 39-42.
A n u m b e r  o f  features^  a re .  e v id en t  .from the,  c o n to u r  maps. of. the_Jxjur 
r a d io n u c l id e s  ac t iv i t ie s .  The  e lev a ted  r a d io n u c l id e  ac t iv i t i e s  over  the 
g ran i te  p o r t io n  o f  the  s tudy  reg ion  are c lea r ly  d e l in e a te d  for all the  
r a d io n u c l id e s  ex cep t  K 40 w hose  va lues  are more  even ly  d is t r ib u ted .  The  
c o n to u r  p lo ts  in d ic a te  a sharp  re d u c t io n  in 238U, 22dRa and 2285 a  
a c t iv i t i e s  over  a re la t iv e ly  s h o r t  d i s ta n ce  c o r r e s p o n d i n g . to  the. co n tac t  
o f  the  g ran i te  with  the  co u n t ry  rocks  at loca t ion  X.
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F igu re  39. C o n to u r  map o f  238U -a c t iv i ty  e s t im ates .  C o n to u r  v a lu e s - in  
Bq/kg .  Shaded  a rea  d e n o te s  g ran i te  reg ion .  X and Y in d ica te  loca t io n s  o f  
w a ter  sa tu ra ted  d e p re s s io n s .
F igu re  40. C o n to u r  map o f  226Ra ac t iv i ty  es t im ates .  C o n to u r  va lues  in 
Bq/kg .  Shaded  a rea  d e n o te s  g ran i te  reg ion .  X and Y in d ica te  loca t ions  o f  
water, s a tu ra ted  d e p r e s s i o n s .
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F igu re  41.  C o n to u r  map o f  228Ra ac t iv i ty  es t im a tes .  C o n to u r  va lues  in 
Bq/kg . Shaded  area d en o tes  g ran i te  reg ion .  X and Y in d ica te  loca t io n s  o f  
wa ter  sa tu ra ted  d e p re s s io n s .
u 5000m
i
F igure  42. C o n to u r  map o f  40K ac t iv i ty  es t im ates .  C o n to u r  va lues  in 
Bq/kg .  S haded  a rea  d en o tes  g ran i te  reg ion .  X and Y in d ic a te  lo ca t io n s  o f  
w a ter  s a tu ra ted  d e p re s s io n s .
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2j8U a c t iv i t i e s  d e c r ea se  from 400 B q /k g  to 25 B q /k g  over  a d i s t a n ce  o f
o ' 1 
less than  500 m ac ross  the  c o n tac t  at lo ca t io n  X. " Ra fo llows-a  s im i la r
d e c r ea se  (400 to 50 B q /kg )  and 228Ra a c t iv i t i e s  e x h ib i t  a r e d u c t io n  from
90 B q /k g  to 1 5 Bq/kg .  Th is  drop in r a d io n u c l id e  ac t iv i ty  on c ro s s in g  the
granite.  -  m e tased im en t_  contact .  is m os t  ev ident ,  for the- two rad ium
23  8i so to p e s  which  e x h ib i t  a t ig h te r  c o n to u r  p a t te rn  than  U, pe rhaps  
r e f le c t in g  the  s u g g es te d  im m o b i l i ty  o f  rad ium  in the  surf ic ia l  
e n v i ro n m e n t  ( S h ep p e rd ,  1980).
A seco n d  area  o f  e lev a te d  ac t iv i ty  w i th in  th e  va l ley ,  i n d ic a ted  by the
c o n to u r  m aps ,  occurs ,  at. l o c a t io n  Y,. th is  area.Lying som e  d i s t a n ce  away
j
from the  g ran i te  bu t  be ing  u p s t ream  of  loca t ion  X. R a d i o n u c l id e  levels  at 
th is  lo c a t io n  are  no t  are not,as  h igh .as  for. l o c a t io n  X however ,  loca t ion  Y 
does  d isp lay  the  same c o n to u r  pa t te rn  as X, a rap id  re d u c t io n  in 
r a d io n u c l id e  ac t iv i t i e s^ o ccu r r in g  to .w a rd s th e  nor th  e as te rn .c o rn e r .o f . th e  
loca t ion .  Bo th  loca t ion  X and lo ca t io n  Y o c cu r  at po in ts  on the C lo g h e r  
Burn  s tream. This  s t ream  runs,  a long  th.e_valle.y_ b o t to m  (b e tw een  X  and 
Y) and the  c o n to u r  maps  o f  238U, 226Ra and 228Ra all exh ib i t  a band o f  
e leva ted  rad io ac t iv i ty  b e tw een  X and Y tha t  appears  to c o in c id e  with  the  
cou rse  o f  the. C l o g h e r  Burn. .  As. bo th  X . a n d  JY o c cu r  i n  wate r .Togged 
d e p re s s io n s  a long  the  course  o f  th is  s t ream ,  and the s t ream  runs  alo^ng 
the. bo t tom  o f  the valley ,  it..appear_s Logical . to .sugges t  tha t  d i s t r i b u t i o n ^  
na tu ra l  r a d io n u c l id e s  w i th in ,  and t r a n sp o r t  away from, the  peat over ly ing  
the. granite_ reg ion  is g o v e rn e d  ..largely by ,water_ d ra inage .  O n  a...larger 
sca le  h o w ev er ,  it is a p p a r en t  from the c o n to u r  maps  tha t  the  u n d e r ly in g  
g e o lo g y  c o n t ro l s  the  levels  o f  u ran ium .and  th o r iu m .se r i e s . r a d io n u c l id e s  
in the  pea t  o f  the  C ro n am u ck  va lley.
T a k in g  va lues  o f  8.1 ppm and.25.,1 p p m  as . the  av e rag e  levels„of„uranium 
and th o r iu m  re s p e c t iv e ly  in the  B a r n e s m o re  g ran i te  ( O ’C o n n o r  et a l , 
1 983). and using mass to ac t iv i ty  c o n v er s io n  fac to rs  o f  1 2.2. .Bq/mg and
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4.1 B q /m g  for 238U and 232Th ( E i s e n b u d ,  1987) ,  it is p o s s ib l e  to e s t im a te  
the  level tQ w h ich  the  pea t  ove r ly in g  each  o f  the  two l i th o lo g ie s  is 
e n r i c h e d  re la t ive  to the  u n d e r ly in g  rock. The  soil  lying, on the  g ran i te  
l i t h o lo g y  is e n r ich ed  by a fac to r  o f  2 for 238U bu t  the  soil  r em ains  
d e p le t e d  (or u n - e n r i c h e d )  in 232Th with less than  h a l f  the  ac t iv i ty  o f  the 
rock  b e in g  p re s en t  in the  pea t  (based  on 228Ra ac t iv i t i e s ) .  E m p lo y in g  
values ,  o f - 1.8 ppm  and. 12.0 ppm for .the. u ranium, and  thorium_lev.els_in 
the  m e ta se d im e n t s  ( O ’C o n n o r  and Lang ,  1985)  p ro d u c e s  e n r i c h m en t  
fac tors  for u ran ium  and th o r iu m  o f  1.9 and 0.6 for the  pea t  ove r ly ing  the 
m e ta se d im e n t s ,  th e se  f igu res  be ing  ca lc u la t e d  on the  a s s u m p t io n  that
O O0 • Aon_
Ra is in e q u i l ib r iu m  with  Th > U s in g  the  above  mass  to ac t iv i ty  
c o n v e r s io n  and the  rock r a d io n u c l id e  leve ls . ’r ep o r ted .b y  O ’Connor  (1983) 
and O ’C o n n o r  and Lang  (1 985) ,  ind ica te s  an a p p ro x im a te  equa l i ty  in the  
ac t iv i t i e s  o f  238U and 232Th for the -g ran i te  rock  and a 232T h / 238U-act iv ity  
ra tio  o f  a p p ro x im a te ly  2 for the  m e ta se d im e n t s .  N e i t h e r  o f  these  ra tios  
are u p h e ld  in the ove r ly in g  soil .  C a l cu la t in g  Th / U ac t iv i ty  ra tios  
for the soil o f  the  two reg ions  y ie lds  va lues  o f  0 .22 for the  g ran i te  and  
0.75 for the .non-gran i te . .  T h e .d i sp a r i ty  be tween_the va lues  for the  g ran i te  
l i th o lo g y  and its ove r ly in g  soi l  su g g es t s  e i th e r  loss  o f  th o r iu m  re la t ive  to 
u ran ium ,  e n r i c h m e n t  o f  u ran ium  in the  soi l  or a s ig n i f i c a n t  
d i s e q u i l ib r iu m  b e tw een  Ra and Th. The  la t te r  seem s  un l ik e ly  g iven  
the  re la t ive ly  sho r t  ha l f - l i fe  o f  228Ra and a d o p t in g  the  g en e ra l ly  a cc e p ted  
c o n c e p t  o f  th o r iu m  being, im m o b i le  in such  , e n v i ro n m e n ts ,  it w ou ld  
ap p ea r  tha t  the  basa l  layers  o f  . pea t  in the  C ro n a m u ck  V a l ley  are 
e n r ich ed  in uran ium.
The resu l t s  o f  Survey.  1. su p p o r t  the.  f indings. .of the. u ran ium .prospec . to rs
i
who in i t ia l ly  su rveyed  the  va l ley  in the 1 9 7 0 ’s in tha t  r a d io n u c l id e  
en r ichm en t ,  w i th in  the  va l ley  is_ lo c a l i s e d ,  and  g iv e n  th a t  there,  is. som e  
ev id e n c e  tha t  e n r i c h m e n t  is a r e su l t  o f  the  t r a n s p o r t  and d e p o s i t io n  o f  
r a d io n u c l id e s  by water ,  it w ou ld  ap p ea r  un l ike ly  tha t  enriched ar.ea^ o f
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p ea t  are s u p p o r te d  by e lev a ted  r a d io n u c l id e  leve ls  in th e  rock  u n d e r ly in g  
the  areas  o f  en r ichm en t . .  The  f in d in g s  o f  the  p ro s p e c to r s  (Irish B ase  
M eta l s ,  1978),  tha t  the re  is a h igh  b a ck g r o u n d  ac t iv i ty  w i th in  the va l ley  
and tha t  u ran ium  is m o b i le  w i th in  the  so i l ,  are a lso  e ch o ed  by the  cu r ren t  
c o n c lu s io n s .  The Survey  1 re su l t s  are a lso  s u p p o r t iv e  o f  the work  o f  a 
n u m b e r  o f  researchers ,  in. th is  f ield.  K o c h e n o v  (.1965) ind ica ted  a n u m b e r  
o f  fea tures  o f  u ran ium  e n r i c h m e n t  in peat ,  two o f  which  are c o m p le te ly  
uphe ld  by the  re su l t s  o f  th is  survey ,  p r im ar i ly  the  i r r egu la r  d i s t r ib u t io n  
o f  u ran ium  with in  the  pea t  and the a s s o c ia t i o n  o f  u ran ium  en r ic h ed
areas,  with,  a reas  with,  g u l l i e s  and, d ep re ss io n s ,  in. the  valley.  W i l s o n ’s
i
(1 9 8 4 )  c o n c lu s io n  tha t  u ran ium  e n r ic h m e n t  in pea t  is a s so c ia te d  with  
uran ium  b e a r in g  waters  a lso appea rs  to be c o n f i rm ed  by the  f in d in g s  o f  
Survey  1. The  p re v io u s ly  m e n t io n e d  a p p a r e n t  im m o b i l i ty  o f  rad ium  and 
thorium_ e ch o e s  the  f ind ings  o f  many  r e s e a rc h e r s  i n c lu d in g  Sh ep p a rdi
(1980)  and T askayev  et a l  (1 9 7 8 )  as d e ta i l ed  in Sec t ion  1.3.1. .
4 . 1 . 4 . 1 .  S u m m a r y
The. d ispar i ty ,  in radionucl ide_ie_vels  in. peat  o v e r ly in g  t h e . g r a n i t e . a n d  
pea t  ove r ly ing  the  m e ta se d im e n ts  in i t ia l ly  d e m o n s t r a t e d  in Sec t ion  4.1. 
is made_ h igh l igh ted . .by  the i s o p l e t h  maps.  H o w ev e r ,  a l though ,  the. fa^t  
tha t  the  par t  o f  the  v a l ley  u n d e r l a in  by g ran i te  e x h ib i t s  h ig h e r  levels  o f  
the. s tu d ie d  r a d io n u c l id e s ,  the. tr anspor t ,  o f  r a d io n u c l id e s ,  in d ic a ted  _by 
the  o f f -p lu ton  data  set  (S ec t ion  4 . 1 . 1 ) ,  from the  g ran i te  reg ion  to the  
m e ta se d im e n ts  is ind ica ted ,  by the. maps . .  The  cause  .of this, transport . , is  
made c lea r  by the  fact  tha t  h ig h e s t  r a d io n u c l id e  levels  in the  va l ley  
o c cu r  at the  l o w e s t  po in t s  o f  th e  v a l le y , . ty p ic a l ly  in . the  w a t e r  s a tu ra ted  
d e p re s s io n s  tha t  are e n c o u n te r e d  a long  the  c ou rse  o f  the  C lo g h e r  Burn .  
As. lo c a t io n  Y lies at . the .foot of. a s lope  and  is fed by water  .d ra in ing . the  
g ran i te ,  it is r e a so n a b le  to a ssu m e  tha t  t r a n s p o r t  o f  r a d io n u c l id e s  o f f  the  
p lu ton  is via d ra inage  water, f lowing, off . the  granite .  L o c a t io n  X  a l so ^ ie s
at the  foo t  o f  a s lope  and is a l so  fed by waters  d ra in in g  the  gran i te ,  
suppor t ing , . the  o p i n i o n . tha t  a l t h o u g h  lithoLog.y appears ,  to govern  pea t  
r a d io n u c l id e  leve l s  on a la rge  sca le ,  some smal l  sca le  r e d i s t r ib u t io n  o f  
the  r a d io n u c l id e s  w i th in  th e  va l ley  o ccu r s  as a r e su l t  o f  the  f low  o f  
w a te r  d ra in in g  the  peat .  The f ind ings  o f  th is  p ro je c t ,  w i th  r e s p e c t  to the
d i s t r i b u t io n  of. the r a d io n u c l id e s ,  is la rge ly  suppor ted ,  by the  f ind ings
i
p re v io u s ly  r e p o r te d  in the  l i te ra tu re ,  pa r t i cu la r ly  K o c h e n o v ’s (1965)  
s tud ie s  o f  r a d io n u c l id e  o c c u r r e n c e  in pea t  bogs.
4 .2 .  R a d i o n u c l i d e  A c c u m u l a t i o n  in the  C r o n a m u c k  V a l l e y
One. of. the_ m o s t  obv ious ,  features,  o f  the, spatial .  d i s t r i b u t i o n _ o f  
r a d io n u c l id e s  w i th in  the  C ro n a m u ck  V al ley  is the  lo c a l i s e d  accumula t ion  
o f  u ran ium  and th o r iu m  se r ies  r a d io n u c l id e s  in ce r ta in  areas  o f  the  
valley.  In o rde r  to fu r th e r  d e l in e a te  one  o f  th e se  loca t ions  and  to 
a sce r ta in ,  the  r ea so n s  for t h e se  a c c u m u l a t i o n s r a . s e c o n d  su rv ey , ,S u rv ey  
2, was im p le m e n te d .
The  aim o f  th is  su rvey  was  an in v e s t ig a t io n  o f  the  sp e c ia t io n  o f  the  
r a d io n u c l id e s  w i th in  one  o f  the  two reg ions  o f  a n o m a lo u s  r a d io ac t iv i ty  
iden t i f i ed  in .  Survey  . 1.. ( lo c a t io n s  X . and„ Y,. F i g . 9) and. t h e  
id e n t i f i c a t io n  o f  p o s s ib le  c o n t ro l l in g  fac to rs  on r a d io n u c l id e  e n r i c h m e n t  
w i th in  the  pea t  i tse lf .  The a p p ro a ch  a d o p te d  in v o lv e d  the  use o f  a 
p o r tab le  gam m a ray s p e c t r o m e te r  to in v es t ig a te  the  spat ia l  e x te n t  o f  the  
rad io n u c l id e ,  e n r i c h m e n t  within,  one. o f  th e se  reg ions , .  c h em icaL .^ n d  
r a d io m e t r ic  ana ly s is  o f  the  pea t  and d ra inage  sys tem both  w i th in  and  
o u ts id e  the  ch o se n  area  o f  a c c u m u la t io n  and  r a d io m e t r i c  a n a ly s i s .o f  the  
u n d e r ly in g  l i tho logy .  This  s ec t ion  o u t l in e s  the  resu l t s  o f  th e se  
i n v e s t ig a t io n s  and p r e s e n t s . c o n c lu s io n s  on the . fo rm and b e h a v io u r  of_.the 
r a d io n u c l id e s  w i th in  one  o f  the  e n r i c h e d  areas  ( lo ca t io n  X) and on the
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na tu re ,  and. p o s s ib le  r e a so n s  for,  226R a / 238U d i s e q u i l i b r iu m  w ith in  the 
area.
The lo c a t io n  o f  t h e . s a m p l in g . s i t e s  o f  Survey, 2. are d e ta i led  in. Eig..L0.,A 
to ta l  o f  four  d ep th  cores  were  taken  (S ites  A, C, E and F) as well  as six 
o th e r  d i s c re te  sam ples  ( E 1 , .E 4 ,  E5, E6, F2 and F3),  taken  us ing^ the  
same p ro c e d u re  as for Survey  1 sam ples .  Sites  A and E were  loca ted  
w i th in  the  area,  o f  e n r i c h m e n t  t e rm ed  lo c a t io n  X. S ites  C and. F, . ly ing 
o u t s id e  the a rea  were  taken  for c o m p a r a t iv e  p u rp o s e s ,  Site F ly ing  on the  
g ran i te  b u t . outs ide ,  the ,  d e p r e s s i o n  at, X, Site. C. ly ing  n e i th e r  in_the  
d e p re s s io n  or on the  gran i te .  The  set  o f  sam ples  used  for ana lys is  a lso  
incorpora ted ,  th ree  samples . . . taken  f rom.. the  a rea  as. part  .o£  Survey  1 
( s a m p l e ’s 9, 41 and  54).
4 .2 .1  . P o r t a b l e  G a m m a . R a y  S p ec tr .o m etry
A p o r ta b le  Nal gam m a ray s p e c t r o m e te r  was em p lo y ed  to make a ser ies  
of.f ield m e asu re m e n ts  a ro u n d  th e . ra d io m e t r ic  an o m aly  ch o sen . fo r  Suryey
2. The in s t ru m e n t  was  ca l ib ra ted  as d e sc r ib e d  in sec t io n  3 .4 .2 .1 .  and 30 
read ings  were  taken  (raw data  t a b u la te d  in Table^xi i i . ,  A p p e n d ix  1). The  
data  was c o n to u re d  and the  re su l t s  are d i sp la y ed  in F i g .43.  A n u m b e r  o f  
d i f f icu l t ie s ,  were e n c o u n te r e d  in. the .  e x e r c i s e ,  p r im ar i ly  the effect^ o f  
o u tc ro p  on the  read ings  and the  va r ia t ion  in c o u n t  ra te  d e p e n d in g  on the  
depth ,  and saturation. .of_the_ overburden . .  To c o u n t e r  th e se  effec ts ,  som e 
effort  was made  to ensure  tha t  re ad ings  were  taken  over  s i tes  with  the  
same o v e rb u rd e n  dep th  and. som e d i s t a n ce  (approx . 20 m) away.Çrom
i
ou tc rop .
As c a n .b e  s e e n  from F ig .4.3 ., th e  h ig h e s t  re a d in g s  „were c en t r ed  „on the  
c o n f lu e n c e  o f  C lo g h e r  Burn  and the  u n n a m ed  s t ream  f low ing  from the  
sou th .  T h i s , a r e a  is at the  lo.west .part  o f  the water  s a t u r a t e d .d e p r e s s io n
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(and  a lso  the  lo w e s t  par t  o f  th e  C ro n a m u c k  va l ley )  found  at this 
loca t io n .  R e a d in g s  drop, away rap id ly  on m o v in g  nor th  away from^the  
d e p re s s io n  bu t  th e  drop is less  p ro n o u n c e d  as one  fo l low s  the  genera l  
shape  o f  the.  depress ion , ,  w h ic h  runs  in. a NW - SE d i rec t io n  a long  the 
c ou rse  o f  C lo g h e r  Burn.
r ad io m e t r ic  anom aly  X s tu d ie d  in Survey  2. C o n to u r s  in co u n ts  per  
s econd .  Shaded  a re a .d e n o te s . e x t e n t  o f .w a te r  s a tu ra ted  d e p re s s io n .  .
The  po r tab le  s p e c t ro m e te r  re ad ings  ag ree  b ro a d ly  with the  f in d in g s  o f  
Survey  1_ and conf i rm  that. th is .a rea  o f  e lev a ted  ra d io a c t iv i ty ,  h ig h l ig h te d
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in Survey  1, is a s s o c ia te d  with the  s a tu ra ted  d ep re s s io n .  It  shou ld  be 
n o te d  tha t  the o th e r  a rea  o f  e lev a ted  rad ioact iv i ty ,  in the va l ley  is. a lso  
lo ca ted  w i th in  a heav i ly  s a tu ra ted  d e p re s s io n  at the  c o n f lu e n c e  o f  .a 
s ec o n d  s t ream  and C lo g h e r  B urn ,  an o b se r v a t io n  tha t  su p p o r t s  the  
p re v io u s  s u g g es t io n  tha t  r a d io n u c l id e  a c c u m u la t io n  w i th in  the  va l ley  
may be due to. r a d i o n u c l i d e . t r a n s p o r t  by w^ter.
4 . 2 . 2 .  D r a i n a g e  s y s t e m  a n a l y s i s
A ser ies  o f  20 water  sam ples  were  taken  from' the  d ra inage  sys tem 
a s so c ia t e d  with  the  lo ca t io n  u n d e r  s tudy. A ser ies  o f  ch em ica l  ana lyses  
were,  performed,  on. t h e se  samples ,  which,  were  also, ana lysed ,  by ICR.-MS 
for u ran ium.  The  p u r p o s e  o f  th is  e x e r c i s e  was to  a s ce r ta in  the  ch em ica l  
co n d i t io n  o f  the  d ra inage  system and to iden t i fy  a p o s s ib le  in f lux^of  
u ran iu m  into the  area.  Raw  data  is p ro v id ed  in T ab le  xii . ,  Append ix .  1. 
Summ ary  s ta t i s t ic s  for chemica l ,  p a ram ete rs  s tu d ied  are p ro v id e d  in 
Tab le  VIII. ,  u ran ium  resu l t s  are c o n ta in e d  in F i g . 44.
pH Eh mV C o n d u c t iv i ty  
(J.S c m '1
T.D.S.
ppm
Fe ppm
N 15 20 17 18 19
Average 6.44 110:05- 68.76 101.78 0:15-1
Std. 0.83 40.80. 20.25 93.79 . . 0. L6_,
Min 4.30 33.00 20.20 40.00 0.01
25th 6.21 74.75 62.10 58.50 0.01
Median 6.62 115.50 68.10 85.00 * 0.05
75th 7.05 149.00 84.00 109.50 0.23
Max 7:21; 160.00 104:00 462:00 0.51 -
T ab le  VIII. Sum m ary  s t a t i s t i c s  for the  ch em ica l  p ro p e r t i e s  o f  the  wate r  
sam ples  t a k en ,d u r in g  Survey  2.. .
1-17
As na t iona l  v a lu e s . f o r  u ran ium  in- f resh  w ater  were  unav a i l ab le ,  i t  was 
not p o s s ib le  to a sce r ta in  how the  levels  e n c o u n te r e d  in th is  s tudy  
co m p are  with an average  na t io n a l  va lue .  F ig u r e s  o b ta in e d  by the 
p ro s p e c to r s  o f  the  1 9 7 0 ’s (I ri sh  B ase  M eta ls ,  1979) for u ran ium  leve ls  in 
stream, w a ter  d ra in in g  a. d i f f e ren t  par t  o f  the  vaLley in d ic a te . l e v e l s  inJ^he 
range  0.01 - 0.5 ppb ,  which  are su b s ta n t i a l ly  low er  than  va lues  o b ta in e d  
in th is  s tudy. W i th o u t  de ta i l s  o f  the  an a ly t ica l  m e th o d ,  s am pl ing  
t e c h n i q u e  etc . ,  m e an in g fu l  c o m p ar i so n  is im p o ss ib le .  The  va lues  
ob ta in e d  in, th is  s tudy  are  in  b road  a g re e m e n t  with  the  range,  o f  O.OL^to 
5.0 ppb  quo ted  by R ogers  and Adams (1969)  as typ ica l  su r face  wate r  
levels  bu t  la rge ly  ex ceed  the  g loba l  average  o f  0 .18 ppb c a lc u la t e d  by 
P a lm er  and E d m o n d  (1993)..  The h igh va lue  o f  54.5 ppb cou ld  no t  be 
e x p la in ed  ( b r ac k e t ed  as it is. by va lues  an o rd e r  o f  m a g n i tu d e  lo_wer)_and 
was a ssu m e d  to be e r ro n e o u s  on the  basis  o f  the  re su l t s  o f  a Q- tes t  (Q >
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0.30 ,  N = 18). T he  va lue  o f  19.3 ppb occurs  at the  j u n c t i o n  o f  the u n ­
n am ed  s t ream  and C lo g h e r  B urn ,  at  a p o in t  w here  the  h ig h e s t  leve ls  o f  
u ran iu m  are  e n c o u n te r e d  i n  the  .peat .  It- is t h e re fo re  p o s s ib le  tha t_ the  
w ater  at th is  loca t ion  exh ib i t s  h igh levels  o f  u ran ium  due to c o n tac t  with  
e n r i c h e d  peat.  G iven  the  da ta  to hand,  it is im p o s s i b l e  to d e d u ce  a l ike ly  
cause  for the e leva ted  level  (19.3 ppb)  at th is  s i te  a l th o u g h  it is p o s s ib le  
to c o n c lu d e ,  that .  the., d ra inage ,  s y s t e m . f l o w i n g  a long, the  b o t to m  of. the  
va l ley  does  co n ta in  a p p re c ia b le  am o u n ts  o f  u ran ium .  It is p o s s ib le  
t h e re fo re  tha t  the  C lo g h e r  Burn  and its a s s o c ia t e d  s t reams may p ro v id e  a 
sou rce  o f  u ran ium  and o th e r  r a d io n u c l id e s  to the  d e p re s s io n s  at  X and  Y, 
which, ,  in c o n ju n c t io n  with  ch em ica l  c o n d i t i o n s . f a v o u ra b l e .  to u ran ium  
re te n t io n  o c cu r r in g  at X and Y, may g ive  rise to th e  levels  o f  e n r i c h m e n t  
o b se r v ed  at the  s i tes  dur ing  the  c ou rse  o f  S u r v e y ’s 1 and 2.
F igure  45. O b se rv ed  u ran iu m  leve l s  a g a in s t  u ran iu m  levels  p re d ic t e d  by 
L o p a tk in a  r e la t io n sh ip .
Adopt ing_ an  average  u ran ium  c o n te n t  o f . 12.9 ppm  for the .eight .rx jck 
sam ples  taken  from with in  the s tudy  a rea  (T ab le  XV) a c o m p a r i so n  was 
m ade  b e tw ee n  the  observed , va lues  a n d . t h o s e  p re d ic t e d  by L o p a t k i n a ’s 
(1 9 6 4 )  fo rm u la  for u ran ium  levels  in fresh  waters  (see  S ec t io n  1.3.1.) .  
As can be seen . f rom  F i g . 45. ,  the re . i s  r e la t iv e ly  g o o d . a g r e e m e n t .b e tw e e n  
the  ob se rv ed  and p re d ic t e d  va lues  for low levels  o f  u ran ium  a l th o u g h  the
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r e l a t io n s h ip  d e g en e ra te s  at h ig h e r  va lues .  The  only  s ig n i f ic an t  
co r re la t io n  (0.01 level)  ex h ib i te d  by the  data  ex is t s  b e tw een  the  level o f  
to ta l  d i s so lv e d  so l ids  and u ran ium  levels  in the  samples .
4 . 2 .3 .  C h e m i c a l  and R a d i o l o g i c a l  P r o p e r t i e s  o f . D e p t h  P r o f i l e s
4 . 2 . 3 . 1 .  S i t e s  A and E
F igu re  4.6. V e r t ic a l  .posit ions ,  o f  Sites  A,_ . E and in d iv id u a l  s am ples
i
re la t ive  to the  C lo g h e r  Burn .
Sites  A_and E. both .  lie. w ithin ,  the s a tu ra ted  depress ion ,  tha t  c o in c id e s  
with one  o f  the  two areas  o f  r a d io n u c l id e  e n r i c h m e n t  d e l in e a te d  by the  
re su l t s  of. Survey  1 ( l o c a t i o n . X). and the  su rvey  c o n d u c te d  us ing ,  the 
po r tab le  g am m a ray sp ec t ro m e te r .  R esu l t s  o f  the  r a d io m e t r i c  and 
chemical. . .analyses  conduc ted ,  on. these ,  p rof i les  may ser.v.e to p rov ide
i
in fo rm a t ion  on the e n r i c h m e n t  o f  r a d io n u c l id e s  w i th in  the  a rea  and may 
h ig h l ig h t ,  p o s s ib le  c o n t ro l s  on. the.  a c c u m u la t io n  and behaviour ,  o fi
r a d io n u c l id e s  w i th in  the  va l ley  in general.
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Figure .  48.  C hem ica l  p ro p e r t i e s  o f  p rof i les  t a k e n J r o m  Sites  A and E
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238U a c t iv i t i e s  th r o u g h o u t  the  soi l  p ro f i le  at Si te  A dif fer  c o n s id e ra b ly  
from th o se  at Si te  E. All layers  in the  p ro f i le  e x h ib i t  low er  a c t iv i t i e s  for 
th is  ra d io n u c l id e .  The. d i f f e ren ce  be tw een . th e .ac t iv i t i e s .  in  the upper  and
O A. o o  q
low er  layers  is less  m arked  than  for Site E. B o th  Ra and Ra 
ac t iv i t i e s  rem ain  re la t ive ly  c o n s t a n t  t h r o u g h o u t  the  p ro f i le ,  m ax im um  
a c t iv i t i e s  for. these ,  n u c l id e s  be in g  e x h ib i te d ,  in the. 3.0-45 c m  layer^as 
o p p o sed  to the b o t tom  layers for Si te  E. The  a c t iv i t i e s  o f  bo th  th e se  
n u c l id e s  remain  lower  than  for Si te  E. The  226R a / 238U ra tio  is g rea te r  
than  unity  a t . a l l  d ep ths  at Site A. A large, exces s  o f  226Ra is. evident ,  in 
the  u p p e r  layers  o f  Site A, the m ax im um  ra t io  b e ing  a s so c ia te d  with the  
30-4.5 cm.la^er .
The  th ree  ra d io n u c l id e s ,  238U, 226Ra and 228Ra all e x h ib i t  a marked  
inc rease  with d ep th  at Site E, the in c rease  b e ing  m os t  for 238U. 226Ra 
in c reases  by only  a fac to r  o f  2 over  the  en t i re  p ro f i le  w hereas  238U levels  
inc rease  s tead i ly  on go ing  down the  p rof i le ,  the  b o t tom  layer  c o n ta in in g  
7 t imes  the am o u n t  o f  2j8U as the  top  layer  (F ig .47.).  The  mo^st 
p ro m in e n t  fea tu re  o f  the  rad io m e t r ic ,  prof ile,  at . this site_ is the. marked  
r e d u c t io n  in U238 a c t iv i t i e s  on go ing  from the  30-45  cm layer to the 
su r face  which  is no t  a c c o m p a n ie d  by an a s s o c ia t e d  r e d u c t io n  in 226Ra 
a c t iv i t ie s .  228Ra a c t iv i t i e s  th r o u g h o u t  th e  profile* d isp lay  a s im i la r  
p a t te rn  to th o se  o f  226Ra.. The  ,2"6R a / 238U ra tios  t h ro u g h o u t / th e ^ p ie a t  
p ro f i le  vary  from a p p ro x im a te ly  un i ty  at the  low er  d e p th s  to g rea te r  than 
four  in the  u p p e r  leve l s  o f  the prof ile .  228Ra levels  in c re a se  s tead i ly  on 
g o in g  d o w n t h e . p r o f i l e , .  as do. t h e l e v e l s  o f  th is  rad ionuc l ide  at Site A.,
The  ch em ica l  p ro p e r t i e s  o f  the  soil  p ro f i le  at A, (F ig .48.) ,  p rov ide  
in s ig h t  in to  what  fac to rs  may xon tr .oL the  a c c u m u la t i o n  o f  r a d io n u c l id e s  
w i th in  lo ca l i s ed  areas  o f  e lev a ted  ra d ioac t iv i ty .  The  marked  t r a n s i t io n  
f r o m  a. r e d u c in g  .env i ronm en t . to .  an ox id is ing .one .  at. the  30-45  cm . layer
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(as in d ic a te d  by the  re lev an t  Eh va lues )  c o in c id e s  w i th  the  layer 
ex h ib i t in g  the  h ig h e s t  226R a / 238U ratio for the  soi l  p ro f i le  at -S i te  A.~This 
in te r face  was e v id en t  in the  fie ld  as a c o n c r e t e d  c rus t  o f  iron  o x ide  som e 
2 - 3  cm th ick.  The  p re s e n c e  o f  th is  c rus t  is no t  i n d ic a ted  in the  re su l t s  
o b ta in e d  for iron  leve l s .a t  tha t  d e p th  as solid ,  lumps o f  the  mater ia l  were  
r e m o v e d  p r io r  to ana ly s is  o f  the sample .  The d i f f e r en c e  in the  redox  
s ta te  ac ross  th is  c rus t  is o b v ious  from the  c h an g e  in Eh va lues  (a 
m easu re  o f  redox  p o te n t i a l )  on m ov ing  dow n the  prof ile .  Im m ed ia te ly  
a b o v e  the. iron  pan, the Eh va lue  is. 504 mV (very  o x id i s in g ) ,  .this va lue  
c h an g in g  to one  o f  19 mV (very r e d u c in g )  j u s t  be lo w  the  pan. 
C ru ic k sh a n k  (1972)  no te s  tha t  so il s  ben ea th  such  pans  tend  to be 
ex t rem ely  re d u c in g  due  to the  in ab i l i ty  o f  a ir  to p e n e t r a te  the  pan to the  
low er  soil  dep ths .  M ax im u m  226Ra v a lu es  are e n co u n te re d - in  th is  layer 
in d i rec t  c o n t r a s t . t o  the, 238U v a l u e s .w h i c h  are. at t h e i r  lo w es t  a t^ th is  
depth .
The  p re s e n c e  o f  th is  c rus t  can be e x p la in ed  as fo l lows .  The bank o f  the 
C lo g h e r  Burn  at which  s i te  A is loca ted  is som e  30-40  cm h ighe r  than  the  
b an k  on whi.ch_.Site E is. lo c a t e d . (E ig .46.) . Iron  pan.(a_hard . layer o f  fe rric  
ox ide )  fo rms when  g r o u n d w a te r  car ry ing  d i s so lv e d  iron in the red u c ed  
s ta te  m ee ts  an o x id i s in g  e n v i r o n m e n t  ( such  as near  the  su r face  o f  the  
so i l )  and  the iron is p r e c ip i t a t e d  out as the  o x ide  (C ru ic k sh an k ,  1972).  
S tudy ing  the  results,  o f  the  ch em ica l .  anaLysis. o f  the  d ra inage  sys tem 
(Table  xii i . ,  A p p e n d ix  1.) it can  .be seen  th a t  the  w a te r  o f  C lo g h e r  Burn,  
p r io r  to r e a c h in g  the  a rea  o f  e n r i c h m en t ,  is re la t ive ly  red u c in g ,  with  Eh 
va lues  less than  100 mV. This  may be a t t r ib u te d  to the  dep th  o f  the  
s tream, (approx .  0 .75 -1 .25  m). and. its s lugg ish ,  f low  at th i s  po in t . .  The  
redox  s ta te  o f  the s t ream  g rad u a l ly  b e co m e s  more  o x id i s in g  as the  s t ream 
reach es  the  area  o f  e n r i c h m e n t ,  as the  w a ter  b e co m e s  sha l low er ,  more  
tu rb u l e n t  and h en ce  more  aera ted .  This  p ro c e ss  is r e f le c ted  in the  
d i s so lv e d  iron  values^ .the a m o u n t  o f  d i s so lv e d  iron g radua l ly  d e c rea s in g
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as thè  redox  s ta te  o f  the w a ter  b e co m e s  more  o x id i s in g ,  p ro m o t in g  the  
p re c ip i t a t io n  o f  the  d i s so lv e d  iron load. Th is  p r e c ip i t a t io n  o f  iron forms 
iron pan which  g rad u a l ly  bu i ld s  up to form a v i s ib le  layer.
The  d i f fe ren ce  b e tw ee n .  Sites.  A. and. E, with  r e s p e c t  to. redox, s ta tes^a t  
v a r io u s  d ep ths  and the  b e h a v io u r  o f  iron in the  p rof i le ,  is r e la ted  to the  
ve r t ica l  p o s i t i o n in g  o f  the soi l  p rof i les  re la t ive  to the  s t ream  water  level.  
The  u p p e r  levels  o f  Site A are neve r  s a tu ra ted  with  w a ter  and hence  
remain,  re la t ive ly  oxidising. ,  t h r o u g h o u t  the year.. I t  is... a t  .the., p o in t ,  o f  
m ax im um  sea sona l  a sc e n s io n  o f  the  s t ream tha t  the iron pan is loca ted ,  
at the  in te r face  b e tw ee n  the  s a tu ra ted  low er  d e p th s ,  wh ich  are r ed u c in g  
in na tu re ,  and  the  o x id i s in g  u p p e r  layers.
This, s i tua t ion ,  is. n o t  p r e s e n t a i  Site E, as no leve l  .of! th is  p ro f i le  i s .eve r  
c o m p le te ly  u n sa tu ra te d  t h r o u g h o u t  the  year.  W h i le  an iron  pan at Si te  E 
has not fo rmed,  levels  o f  iron are at a m ax im um  at a dep th  tha t  
c o r r e sp o n d s  a p p ro x im a te ly  with  the  d ep th  at which  the  iron pan occurs  at 
Site A. This  may. be due  to .p re c ip i t a t io n .o f . i ro n . f ro m  t h e . s t r e a m  waternas 
it is exposed  to the  re la t ive ly  o x id i s in g  u p p e r  layers  o f  Si te  E but a pan 
may no t  have  fo rm ed ,  as the  u p p e r  leve ls  o f  Site E do not have  such  a 
d i s t in c t  in te r face  b e tw een  o x id i s in g  and re d u c in g  c o n d i t io n s  (due  to 
s ea so n a l  s a tu r a t i o n .o f . th e  upper,  layers)  as. does.  Site. A.
The  p o s i t io n  o f  S ite  A re la t ive  to the C lo g h e r  Burn  s t ream  is r e f lec ted  in 
the  m o is tu re  levels  o f  the  p ro f i le  (F ig .46. and F i g .48.) .  Site A exh ib i t s  
m o is tu re  levels  typ ica l ly  in the  range  50 - 60%, whi le  Si te  E, due  to its 
lo w e r  level  in. r e la t io n  to the  s t ream ,  has. moi&ture levels  in excess_,of 
75% (F ig .48.) .  O rgan ic  m a te r ia l  leve ls  at Site A are lower  than  for Site E 
at all levels  ex cep t  for the 1 5 - 3 0  cm level ,  p ro b a b ly  in d ic a t iv e  o f  the  
more  o x id i s in g  c o n d i t io n s  p e r t a in in g  at Site A than at  S ite  E, where
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organ ic  m a t te r  levels  are a lm o s t  all above  30%. The  a m o u n t  o f  o rgan ic  
m ate r ia l  p r e s e n t  at S i t e ’s A and E are low re la t ive  to typ ica l  o rgan ic
m a t te r  levels,  for soil  in. the.  va lley .  S o iL sa m p le s  t a k e n  from, outsLde_the
t
d e p re s s io n  e x h ib i t  levels  o f  > 90%, S i t e ’s A and  E c o n ta in in g  less 
o rg an ic  m a te r ia l  due  to the  g rea te r  am o u n ts  o f  iron  and  m a n g an e se  
p re sen t ,  layer  30 - 45 cm o f  Site A c o n ta in in g  an e s t im a ted  30 -40% 
iron. M inera l ,  ma te r ia l ,  is a lso  p re s en t  in. greater ,  amounts. , at. these^.t.vyo 
s i tes  due  to the  p re s e n c e  o f  sand  tha t  has been  ca r r ied  d o w n s t ream  
se t t l in g  ou t  in the  re la t ive ly  s t i l l  waters  o f  the  d ep re ss io n .
The to ta l  iron and m a n g an e se  c o n ten t  o f  the  soil  at Site E in c rease s  
to w ards  the. top  of  the  so i l  co lumn,„ .poss ib ly  due. to the deposit ion^  o f  
th e se  meta ls  when  the w a te r  level in C lo g h e r  Burn  is p e r io d ic a l ly  lower .  
The  h ig h e r  iron and m a n g a n e s e  leve ls  at the  su r face  o f  the  prof ile_are  
in d ic a t iv e  o f  a m ore  o x id i s in g  e n v i ro n m e n t  a l th o u g h  th is  is not re f le c ted
in e i t h e r  the Eh .o r  m o is tu re  leve l s . . I t . s h o u ld .b e  n o te d  tha t  at the  t ime  o f
I
s am p l in g  (M arch -A p r i l )  the  soil  co lu m n  was un i fo rm ly  sa tu ra ted  due  to 
the  level o f  the  C lo g h e r  Burn  w a te rcou rse .  T he  Eh va lue  o f  300 mV 
re c o rd ed  for the  45 - 60 cm level is a s su m e d  to be e r ro n e o u s  g iven  the  
fa ir ly  un ifo rm reduc t ion ,  in. Eh .values o n g o i n g  ..down the  p rof i le  an d . th e  
fact  tha t  the re  is no log ica l  e x p lan a t io n  for an o x id i s in g  layer to be 
p r e c e d e d  and s u c c e e d e d  b y .m o r e  re d u c in g  layers.  It is l ike ly  tha t  the  
o b se r v ed  s a tu r a t i o n  level is no t p re v a len t  t h r o u g h o u t  the  year  and tha t  
the  su r face  o f  the  so i l  c o lu m n  e x p e r ie n c e s  a. f lu c tu a t io n  in redox  
c o n d i t io n s  ove r  the  co u rse  o f  a year ,  b e c o m in g  more  o x id i s in g  dur ing  the 
su m m er  months .  The  lack o f  a d i s t in c t  iron pan or c rus t ,  u sua l ly  found^at 
the  in te r face  o f  an o x id i s in g  layer  with  m ore  r e d u c in g  co n d i t io n s  
u n d e r n e a th ,  w ou ld  ap p ea r  to su p p o r t ,  the h y p o th e s i s  tha t  the. su rface
i
layers  at Site E u n d e rg o  f lu c tu a t io n s  in redox  c o n d i t io n s .  The  pH o f  the  
soil  rem a ins  c o n s ta n t  t h r o u g h o u t  the  prof ile .  The  layer  o f  peat at a dep th  
o f  45 -  60 cm ex h ib i t s  the  la rges t  a m o u n t  o f  hum ic  ac id ,  h o w e v e r  the
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bo t to m  layer  has  a low c o n ten t  o f  th is  m ate r ia l ,  a s su m ed  to be due  to the  
re la t ive ly  large a m o u n t  of. i n o rg an ic  d e t r i tu s  p re s e n t  at th e - ro c k  -  soil  
in te r face .  The  ca t io n  e x ch a n g e  cap ac i ty  o f  t h e se  two layers  re f lec ts  the
re la t ive  am o u n ts  o f  hum ic  ac id  p re sen t ,  the b o t tom  layer, having^ a
\
cap ac i ty  tha t  is m uch  low er  than the  p r e c e d in g  layer  which  d isp lays  the  
h ighest ,  capac i ty  o f  any layer  in the prof ile .
The  p rev ious  d i s c u s s io n  h ig h l ig h ts  a n u m b e r  o f  p e r t i n e n t  facts abou t  how 
the  ra d io n u c l id e s . a r e  d i s p e r se d  th r o u g h o u t  the  p rof i les  taken  at A and( E. 
Bo th  p ro f i le s  d i f fer  m a rked ly  in re la t ion  to the  o c c u r r e n c e  o f  238U, Site
A ex h ib i t in g  leve ls  o f  th is  n u c l id e  up to an o rd e r  o f  m a g n i tu d e  low er
226 22 8than  th o s e  at Si te  E, wh i le  Ra and Ra  levels -a re  c o m p ar ab le  at ijiost 
dep ths  o f  the  profi le. .  I n  most,  cases  the  h ig h e s t  leve ls  of_ n uc l ides^a re  
found  at  the  lower  leve l s  o f  the  prof i les .  T h e re  appea rs  to be som e  
r e l a t io n s h ip  b e tw e e n  the i ro n  pan. found  at Si te  A a n d .h o w  the. n u c l id e s  
are d i s t r ib u te d  w i th in  th a t  prof ile .  The  h ig h e s t  leve l s  o f  226Ra at Site A 
co r re sp o n d  with  iron pan as does  a marked  rise  in the  226R a / 238U ratio.  
Given, the fact  tha t  the  p re d o m in a n t  d i f f e r e n c e .b e tw e e n  Sites_ A and  E1 is 
the  p o s i t io n  o f  the  p ro f i le s  re la t ive  to the  C lo g h e r  Burn  and tha t  this 
d i f ference- p roduces ,  d i f f e r en t  m o is tu re .. levels ,  an d ,  redox ,  co n d i t io n s  
w i th in  the  peat,  it may be p o s s ib le  th a t  the  r a d io lo g ic a l  d i f f e r en ces  
b e tw ee n  the.  two p ro f i l e s  ex is t  as a. r e su l t  o f  t h e i r  pos i t ions ,  re la tive^to  
the  C lo g h e r  Burn .  By in fe ren ce ,  it is a lso p o s s ib le  to c o n c lu d e  tha t  the  
e lev a ted  r a d io n u c l id e  leve ls  with in_the d e p r e s s io n .a r e .d u e  to the in f lux  
o f  w a ter  b ea r in g  t race  a m o u n ts  o f  the  r a d io n u c l id e s  ( con f i rm ed  for 238u  
dur ing  the  d ra in ag e  sys tem  ana lys is ) .  I f  C lo g h e r  Burn  is v iew ed  as the  
major,  sou rce  o f  r a d io n u c l id e s ,  within,  the  d e p re s s io n  th e n  the. prof ile^at  
Site  A may e x h ib i t  low er  levels  o f  r a d io n u c l id e s  b e ca u s e  it was e i th e r  
never, e n r i c h ed  (due  to its po.si t ion re la t ive  to .the water) , or was en r ich ed  
and then  s u b se q u e n t ly  d e p le t ed  due  to som e c h an g e  in soil  c o n d i t io n s .
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F igu re  49 R ad io m et r ic  p ro p e r t i e s  o f  p rof i les  taken  from Sites  C and F.
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F igure  50. C hem ica l  p ro p e r t i e s  o f  p ro f i le s  taken  from Sites  C and F.
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The  p re d o m in a n t  fea tu re  o f  the  p ro f i le  taken  at C is the  lo w er  a c t iv i t ie s  
o f  all th ree  r a d io n u c l id e s  r e la t iv e  to the  p re v io u s  th re e  p ro f i l e s  (F ig s .^ 9  
and  47.) .  This  fac t  is due  to a c o m b in a t io n  o f  the  p ro f i le  hav ing  be ing  
t a k e n  from an area  u n d e r la in  by m e ta se d im e n t s .a s  o p p o sed . to  granite .a jid  
its not b e in g .e x p o s e d  to the same vo lum e  o f  w a ter  as S i t e ’s A and E. The  
profi le,  at C is s im i la r  to tha t  o f  F in. th a t  al l  the  .rad ionucl ides ,  a c t iv i t ie s  
inc rease  tow ards  the  b o t tom  o f  the  p ro f i le  (F ig .50.) . Pro f i le  C dif fers
22^  23 8 *from the  o thers  h o w e v e r  due  to the fact  tha t  the  Ra/ U ra-tio—is 
re la t ive ly  c o n s ta n t  th r o u g h o u t  the  p ro f i le ,  rem a in in g  c lose  to un i ty  at 
all. depths .  R ad ionuc l ide ,  leve l s  at Site C are  e x t re m e ly  low re la tive ,  to 
those  sam ples  t aken  from w i th in  the  d ep re s s io n .  The  o b v ious  c o n c lu s io n  
to be drawn is. tha t  S i t e . C is no t  e x p o se d  to the  same, influx^ o f  
r a d io n u c l id e s  as are E and A, nam ely  C lo g h e r  Burn  and the u n n a m ed  
s t r e a m - f lo w in g  f rom  the  south .  Also, , as Site. C l ies on. a south,  fac ing  
a sp ec t  o v e r ly in g  m e ta se d im e n t s ,  p e rc o la t i n g  soil  w a ter  is un l ik e ly  to 
bear  the same, level,  o f  r a d io n u c l id e s  as w a te r  d ra in in g  the., g ran i te  area  
t he reby  rem o v in g  a n o th e r  so u rc e  o f  en r ichm en t .  Site F, loca ted  o u t s id e  
the  local ised ,  area. o£  e n r i c h m e n t ,  exhib it s ,  a m arked ly  d i f fe ren t  
r ad io lo g ica l  p ro f i le  to S i t e ’s E and A (F ig .54 ), bu t s im i la r  to Site C. 
E le v a te d  ac t iv i t i e s  are onLy found  i n  the. basa l  layers, o f . th e  profile^ at 
Site F, the  ac t iv i ty  o f  238U be ing  up to six t im es  g rea te r  in the  bo t tom  
layer than  in the  top.  This  fea tu re  is no t as e v id e n t  for 226Ra for which
the  d i f f e r en ce  is much  less  d is t inc t .  The  226Ra levels  in the su r face
[
layers  o f  Si te  F are u n s u p p o r t e d  by 238U, the 226R a / 238U ra tio  b e ing  
over  13 t im es  h ig h e r  at the  su r face  than  th r o u g h o u t  the  body o f  the  peat.
Site. C ’s. p o s i t i o n  rela tive,  to the  d e p r e s s i o n  i s . c l e a r  f r o m  the low  levels  
o f  iron and m a n g an e se  p re s en t  when c o m p ar ed  to sam ples  drawn from 
w i t h i n t h e  d e p re s s io n ,  s am ples  f rom .S i te  C .b e in g . lo w er  by up. to a . fac to r  
o f  10 (F ig .49 .)  An in t e r e s t in g  o b s e r v a t io n  tha t  may be made  is tha t  the  
am o u n t  o f  hum ic  acid  m ate r ia l  (well  decayed  o rgan ic  material) ,  p re sen t  in
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each, l aye r  is only  0.2 - 0.5 t im es  the. a m o u n t  o f  non  h u m ic  o rgan ic  
m ate r ia l  p r e s e n t  (T ab le  xii i . ,  A p p e n d ix  1 ) ,  th is  s i tu a t io n  s eem in g  to 
in d ica te  a re la t ive ly  y o ung  soi l  or lack  o f  decay  o f  o rgan ic  mate r ia l  due  
to r e d u c in g  c o n d i t io n s ,  the s eco n d  s i tu s t io n  ( lack  o f  decay)  a p p ea r in g  
un l ik e ly  g iv e n  tha t .E h  va lues  at the. s i te  a p p r o a c h . 200 mV. The  low. ii^on 
and m a n g an e se  c o n te n t  o f  the  p ro f i le  at Si te  F re f lec ts  the fact  tha t  the 
s i te  l ies o u t s id e  the  a rea  from w hich  the  E and  A p rof i les  were taken.  
The  pro f i le  at F a lso e x h ib i t s  g rea te r  levels  o f  o rg an ic  m at te r  a l th o u g h  
the  hum ic  acid  c o n te n t  r e m a in s .c o m p a ra b le  wi th  the  o th e r  si tes (F ig .50.). 
The re la t ive ly  h igh m o is tu re  c o n te n t  is r e f le c ted  in the  r ed u c in g  na tu re  
o f  the  soil  bu t the  pH rem ains  c o n s ta n t  th r o u g h o u t  the prof ile .
The  dep th  d i s t r ib u t io n  o f  238U appea rs  to be r e la ted  to the  redox  s ta tus  o f  
the  samples .  The  0-15 cm and 15-30 cm layers  o f  bo th  the A and  E 
p rof i les  e x h ib i t  l o w e r  u ran ium  levels  than  the  d e e p e r  layers.  U ran ium  
levels  are low es t  for the  u p p e r  layers  o f  p ro f i le  A w h ich  has a typ ica l  
m o is tu re  level o f  a p p ro x im a te ly  50% co m p ared  with  m o is tu re  leve ls  o f  
80% for the  p ro f i le  at E. The  effec t  o f  the w a ter  level o f  C lo g h e r  B urn  is 
c lea r ly  d isp layed ,  in. the p ro f i le  at A  w h i c h  exhib i ts„ i ron  pan format ion_at  
the  30-45 cm layer and  w h o se  ra d io lo g ic a l  p ro p e r t i e s  d i f fe r  c o n s id e ra b ly  
on go ing  a c ro ss  this- boundary .  226Ra levels- ( for  the- A pro f i le )  are at 
th e i r  h ig h e s t  at th is  d e p th  whi le  u ran iu m  leve l s  are,  con v erse ly ,  at th e i r  
lowest.  The  pro f i le  at E, which  does  no t  d isp lay  such a marked  
d i f fe ren ce  in r a d io lo g ic a l  p ro p e r t i e s  (or E k  v a lue)  with  dep th ,  rem ains  
sa tu ra ted  for m os t  o f  th e  year  due  to the  bank  from w h ich  it was drawn 
b e ing  som e 30 cm low er  than  the  bank  at w h ich  A was locate.d- 
R a d i o n u c l id e  levels  at Site E all in c rease  with  dep th ,  the  low es t  
ac t iv i t ie s ,  o c cu r r in g  w i th in  t h e . u p p e r  layers o f  the  prof i le .  It. m us t  be 
a ssu m ed  tha t  the  u p p e r  layers  o f  the  E pro f i le  are no t  s a tu ra ted  for all o f  
the  year  and th e re fo re  u nde rgo  p e r io d s  w here  the  Eh va lue  in c rease s  as
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the  soil  b e co m e s  more  ox id is ing .  Such a p ro ce ss  w o u ld  e x p la in  the  lack 
o f  238U in the  u p p e r  layers  o f  Site E.
While ,  the  re su l t s  o f . the  ana lys is  o f  peat, prof iles,  p ro v id e  e v id e n c e - th a t  
r a d io n u c l id e  e n r i c h m e n t  is due  to in f i l t ra t ion  o f  the  pea t  with  u ran iu m  
b e a r in g  s t ream  water ,  the  r e su l t s .d o  no t  in d ic a te  the  m ode  o f  o c cu r ren c e
i
o f  the  r a d io n u c l id e s  w i th in  the  peat.  In o rd e r  to in v e s t ig a te  p o s s ib le  
re la t ionsh ips ,  b e tw e e n  the., r a d io n u c l id e s . a n d  the c h em ica l .p ro p e r t i e s ,  o f  
the  peat,  a s ta t i s t ica l  ana lys is  o f  the  data  u s ing  S pea rm ans  c o r re la t io n  
for n o n -p a ra m e t r i c  data,  was im plem ented-  to h ig h l ig h t  p o s s ib le  
c o r r e l a t i o n ’s. D e ta i l e d  c o r re l a t io n  m a t r ices  for the  tw e n ty  five  s am p les  
taken  in Survey  2 ( in c lu d in g  pro f i le  s am ples )  are p ro v id e d  in A p p e n d ix
i
3. All the  r a d io n u c l id e s  e x h ib i t  s ig n i f ic a n t  (99%  level)  p o s i t iv e  
c o r r e l a t i o n ’s with  each other.  U 238 is no t  c o r re la ted  with  o rgan ic  
m a te r ia l ,  h u m ic  acid  c o n ten t ,  non  hum ic  c o n ten t ,  ca t ion  e x ch a n g e  
capac i ty  or i r o n /m a n g a n e se  levels.  226Ra ex h ib i t s  s ig n i f ic an t  n e g a t iv e  
co r re la t ion  with the  a m o u n t  o f  non  hum ic  acid  m ate r ia l  (r = - 0 .691 )  and 
a w eake r  ( s ig n i f i c a n t  a t . 95% level)  c o r r e la t io n  w i th . . t h e _ a m o u n t_ o f
o rgan ic  m ate r ia l  p r e s e n t  (r = -0 .402) .  This  c o r re la t io n  is no t e v id en t  for
228Ra in d ic a t in g  som e d i f f e r en ce  in the  b e h a v io u r  o f  the  two rad ium 
i so to p es ,  m os t  p ro b a b ly  due. to. the  d i f f e r en ce  in their,  half-liv.es. and the 
d i f fe r ing  b e h a v io u r  o f  th e i r  p a ren t  r a d io n u c l id e s .
D e sp i te  the  s t rong  o p in io n s  v o ic e d  in the  l i t e ra tu re  by Szalay (196.4), 
Id iz  et a l  (1 9 8 6 )  and H a lb ach  et a l  (1 9 8 0 )  am o n g  o thers  rega rd ing  the  
p o s i t iv e  a s s o c ia t i o n  o f  uranium, with., o rgan ic  m a t te r  and .hum ic  ac ids ,  
the re  is no e v id e n c e  o f  th is  in the  co r re la t io n  ana lys is  o f  the data.  It 
s hou ld  be. n o ted  h o w e v e r  th a t  the in c lu s io n .o f . s a m p le s  from Sites  E and 
C may have p re ju d ic e d  the  ana lys is  g iven  tha t  th e se  s i tes  have  no t  
u n d e rg o n e  the  same le v e l  o f  e n r i c h m e n t  as S ites  E and. A. A repea t  
ana lys is  o f  the data set» o m i t t in g  sam ples  from C and F, did not p ro d u c e
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e v id e n c e  o f  any c o r r e l a t io n  e ither.  N e i th e r  is it p o s s ib le  to d i s c o u n t  the  
v iews  o f  Low son  et al (1 9 8 6 )  and M eg u m i  (1 9 7 9 )  reg a rd in g  the 
a s s o c ia t i o n  o f  u ran ium  with  a m o rp h o u s  iron ox ides  based  on the  lack  o f  
c o r re la t io n  b e tw ee n  u ran ium  (or any o f  the o th e r  r a d io n u c l id e s )  and iron 
levels  in the  pea t  sam ples .  H o w ev e r ,  as Si te  A c o n ta in e d  a la rge  
p r o p o r t i o n  o f  i r o n i n  a .so l id  c o n c r e te d  form, alLfi .ve.depth. sam ples  from 
Site A were  rem o v ed  and a p lo t  o f  226Ra ag a in s t  iron level  was 
co n s t ru c te d .  As no o th e r  s i te  bore  e v id e n c e  o f  iron in th is  form, it is 
a s su m ed  tha t  the  m a jo r i ty  o f  iron  in the  rem a in in g  sam ples  was 
a m o rp h o u s  and th e re fo re  som e e v id e n c e  s h o u ld  be p re sen t  if  a 
r e l a t io n s h ip  ex is t s  b e tw ee n -226Ra and a m o rp h o u s  iron.  F igu re  51 appea rs  
to s u g g es t  , h ig h e r  226Ra_ levels  in soil  sam ples  tha t ,  con ta in ,  h ighe r  
levels  o f  a m o rp h o u s  iron.  L i t t l e  or no r e l a t io n s h ip  is o b se rv ed  for a 
s im i la r  p lo t  in v o lv in g  238U- leve l s  (Fig. 51.).  No r e la t io n s h ip  cou ld  be 
o b se rv ed  for 228Ra. A l though  no m en t io n  o f  the  r e l a t io n s h ip  b e tw ee n  
so l id  fo rms o f  soil  iron and r a d io n u c l id e s  is made  in the  l i te ra tu re ,  
p ieces  of. the so l id  i r o n  oxide, l a y e r  were_ s u b je c te d  to r a d io m e t r ic  
ana lys is  (T ab le  VIII ). It can  be  seen  from Tab le  VIII. tha t  re la t iv e ly  
l i t t l e  228Ra is found  a s so c ia te d  with  the  so l id  iron  ox ides  a l th o u g h  it 
wou ld  ap p ea r  tha t  s ig n i f i c a n t  am o u n ts  o f  Ra and  U may be 
a s so c ia te d  with  th is  mate ria l .i
Two. po in ts  h o w e v e r  s h o u ld  be bo rn e  i n  mind. The  first  is tha t  the 
ana lys is  o f  the  m a te r ia l  i n d ic a te d  a 10-15% c o n te n t  o f  o rgan ic  m ate r ia l ,  
m os t  p ro b a b ly  as in c lu s io n s  w i th in  the  so l id  mate r ia l  as the  su r face  had 
been  c lea n sed  p r io r  to r a d io m e t r i c  ana lys is .  A p ro p o r t io n  o f  the 
r a d io n u c l id e  c o n te n t  o f  the c o n c r e te d  iron materia l ,  may there fore ,  have  
been  a s so c ia t e d  with  th e se  o rg an ic  m at te r  in c lu s io n s .  The second poin t is 
tha t  a m o rp h o u s  forms o f  iron may have  been  a s so c ia t e d  with  the  
m a te r ia l ,  th e  s u b s e q u e n t  re su l t s  i n c lu d in g  the  r a d io n u c l id e s  in th is
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m ater ia l .  T h e re fo re  it may be p o s s ib l e  tha t  the  r a d io lo g ic a l  re su l t s  for 
th is  m a te r i a l  may be s l igh t ly  e leva ted .
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Figure  51. P lo t s  o f  238U and 226Ra aga ins t  iron leve l s  af te r  rem ova l  o f  
Site A sam ples  from the  data  set.  N o te  log axes.
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Sam ple 238 U B q /kg 226R a .B q /k g  .. 228Ra B q / k g _
1 1-25.2 2 4 8 .2 6 6.9
2 140.5 220 .6 10.1
3 110.8 185.1 8.9
Tab le  IX. R a d i o n u c l i d e  leve l s  in so l id  iron o x ide  rem o v ed  from Site A.
A l th o u g h  many au th o rs  (S h ep p a rd ,  1980) r e p o r t  on the  im m o b i l i ty  o f  
tho r ium  in the  su r f ic ia l  e n v i ro n m e n t ,  th e re - i s  som e e v id e n c e  from-.the 
dep th  p rof i les  tha t  e n r i c h m e n t  o f  soil  with  232x h  has o ccu r red  a l th o u g h  
the  level o f  e n r i c h m e n t  is less than for 238U. If  levels  o f  232Th ( in fe r red  
from 228Ra leve l s )  in the  d e p re s s io n  are c o m p ar ed  with  levels  at S i t e (F, 
th is  s i t e . b e i n g o u t s i d e  the  d e p re s s io n  but .o .ver lying the  g ran i te ,  it.may^be 
seen  tha t  the  basa l  layer o f  Si te  E has 2.1 t im es  as much 232x h  as the  
c o r r e sp o n d in g  layer  o f  s i te  F (T ab le  v i i , A pp en d ix  1.), the  same layer o f  
Site  E hav ing  10.1 t im es  as m uch  226Ra and 4.8 t im es  as much  23?U. 
A l th o u g h  th e .p e a t  w i th in . th e  d e p r e s s i o n  appears ,  to be  e n r i c h ed  in. 232Th
i
c o m p ar i so n  o f  th e se  ra t ios  in d ic a te s  tha t ,  o f  the  t h r e e  r a d io n u c l id e s ,  the  
level o f  e n r i c h m e n t  is low es t  for 232Th. As e n r i c h m e n t  im pl ies  a 
m o v e m e n t  o f  n u c l id e s  from one loca t ion  to an o th e r ,  it w ou ld  ap p ea r  tha t
23  2 Th is the leas t  m o b i le  o f  the  r a d io n u c l id e s  b a se d  on the  resu l t s  a£ this 
study.
A n u m b e r  o f  t h e . f e a tu re s  e x h ib i t e d .b y  the. p e a t .p ro f i l e s  are s u p p o r te d  in 
the  l i te ra tu re .  The  o c c u r re n c e  o f  the  h ig h e s t  r a d io n u c l id e  levels  in the  
basa l ,  layers  o f  p ro f i l e  F (w h ich  is. a s su m e d  to be r e p r e s e n t a t i v e ^ o f  
c o n d i t io n s  p e r t a in in g  in the  pea t  ove r ly ing  the  g ran i te  in gen e ra l )  is in 
a g re e m e n t  with  the  f in d in g s  o f  K o c h e n o v  (1965) ,  W ilson  (1984),_.and 
G reem an  and R ose  (1 990) .  K o c h e n o v  (1 9 6 5 )  h y p o th e s i s e s  tha t  u ran ium
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e n r i c h m e n t s  occu r  in a reas  (gu l l ies  and v a l leys )  fed by s t ream waters ,  in 
a c c o rd a n c e  with  the. f in d in g s  o f  th is  p ro jec t ,  th is  v iew  a lso  be in g  up h e ld  
by L a n d s t ro m  and S u n d b la d  (1986) .  The  o c c u r r e n c e  o f  u ran ium  
e n r i c h m e n t  in th e se  areas,  w o u ld  also, go som e way tow ards  ex p la in in g  
th e  lo ca l i s ed  u ran iu m  e n r i c h m e n t s  fo und  in th e  va l ley  dur ing  the  
p r o s p e c t in g  o f  the 1 9 7 0 ’s (I rish B ase  M eta l s ,  1978).  The  p roduc t ion ,  o f  
lo c a l i s e d  e n r i c h m en t s  by such a p ro cess  a lso  exp la in s  why many o f  the  
en r ich ed  a reas . found  by  th e .p ro s p e c to r s  were  found  to be u n s u p p o r t e d  in 
the  u n d e r ly in g  rock.
4.2 .3 .3  ,_S.u mma ry
With, re sp ec t - to  the  o c c u r r e n c e  o f  e lev a ted  r ad io n u c l id e ,  levels  w i th in  
the  d e p re s s io n  o r ig in a l ly  id en t i f i ed  as lo ca t io n  X, the  p rev ious  s ec t io n s  
in d ic a ted  tha t  an influx o f  w a ter  (C lo g h e r  Burn  and an u n n am ed  d ra in ag e
i
s t ream) , bear ing  t race  a m o u n t s  o f  r a d io n u c l id e s ,  has re su l ted  in pea t
found  w i th in . th e  d e p re s s io n  e x h ib i t in g  ele.vated.lev.els. T h i s . c o n c l u s io n
is su p p o r te d  by a n u m b e r  o f  facts.  B o th  Sites  C and F were taken  from
*
o u t s id e  the  d e p re s s io n ,  n e i th e r  s i te  e x h ib i t in g  the  same level o f  
e n r i c h m e n t  as th o s e  taken  from with in .  The  238U c o n te n t  o f  the  peat 
s ec t io n s  at Si te  A a p p ea r  to s u g g es t  th a t  the  o c c u r r e n c e  o f  th is  n u c l id e  in 
the  pea t  is re la ted  to the  samples,  p o s i t io n  re la t ive  to the  .water lev.eLin 
C lo g h e r  Burn .  Si te  E, w hose  low er  dep ths  rem a in  sa tu ra ted  p e rm a n en t ly  
e x h ib i t  the  h ig h e s t  levels  o f  238U, the  u p p e r  levels  o f  Site A, which  are 
rare ly  s a tu ra ted ,  e x h ib i t  the  lowest.  The  u p p e r  levels  o f  Site E and the  
low es t  s ec t io n s  o f  Site A, which  u nde rgo  c o m p ar ab le  s a tu ra t ion ,  have  
c o m p ar ab le  238u  levels.  The  redox  s ta te  o f  the  pea t  a lso seems to exer t  
som e  controLo.ver.  the.  levels,  o f  238U. The  u p p e r  layers  o f  bo th  Sites^A 
and E are m ore  o x id i s in g  than  the  lower  levels  and e x h ib i t  the g rea te s t  
d e p le t io n  o f  238U. This  fact  con fo rm s  to the  a c c e p te d  no t ion  tha t -238U is 
mos t  m o b i le  in an o x id i s in g  e n v i ro n m e n t ,  the U 6+ s ta te  be ing  more
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s o lu b le  than the  U 4+ s tate.  C o m b in in g  th is  fact  with  the  re su l t s  o f  the 
p re v io u s  ana lyses  leads  to the  c o n c lu s io n  tha t  r a d io n u c l id e  en r ichm ent  in 
the  water, s a tu ra te d  d e p re s s io n s  o f  the C r o n a m u c k  v a l l e y  is via an  infLux 
o f  water  b ea r in g  at leas t  am o u n ts  o f  r a d io n u c l id e s  in to  a reg ion  w here  
the  p re v a le n t  c h e m i c a l  c o n d i t io n s  are  c o n d u c iv e ,  to the re ten t io n ^an d  
a c c u m u la t io n  o f  th e se  r a d io n u c l id e s .
A l th o u g h . th e  p re v io u s  s e c t io n .h a s  h ig h l ig h te d  the  probabLe reasons_for 
the  e lev a ted  r a d io n u c l id e  levels  wi th in  the  d e p re s s io n ,  no in fo rm a t io n  
has ye t  b e en .p r o v id e d  in . re la t ion  to th e .m o d e  o f .a s so c ia t io n  between„the  
r a d io n u c l id e s  and the soil  c o n s t i tu en ts .  In o rd e r  to i n v e s t ig a te  the  
r e l a t io n s h ip  b e tw ee n  the  so i l  an_d t h e . r a d io n u c l id e s  a .se lec t iv e  ex trac tion  
p ro c e d u re  was  e m p lo y ed ,  the  resu l t s  o f  w h ich  are d e ta i led  in the  
foil  o w in g .s ec t  ion.
4 . 2 .4 .  R a d i o n u c l i d e  s p é c i a t i o n
With, a v iew  to o b ta in in g .a  g re a te r  i n s i g h t  in to  the. c h em ica l  pa ram ete rs  
i n f lu en c in g  r a d io n u c l id e  a c c u m u la t io n  w i th in  the  e n r i c h ed  areas  o f  the  
valley, ,  and  to de termine ,  the  m ode  o f .o c c u r r e n c e  o f  the  r a d io n u c l id e s ,  a 
s eq u e n t i a l  ch em ica l  e x t ra c t io n  o f  the pea t  was c o n d u c te d .  As only  the  
pea t  of . the  e n r ich ed  a rea  was o f  in te re s t  in . th is  regard ,  th e .p ro f i l e s . t ak en  
at C and F were no t  in c lu d e d  in th is  ana lys is ,  r e d u c in g  the  to ta l  n u m b e r  
o f  s am p les  in th i s .d a ta  s e t . f ro m . tw e n ty - f iv e  to. s ev e n te en .
4 . 2 . 4 . 1 .  S i t e s  A and E
R esu l t s  o f  the  sp é c ia t io n  an a ly s i s  at  Si te  A in d ic a te  tha t  238U is bcjund 
p r im ar i ly  in . th e .a m o rp h o u s . i ro n  o x ide  f r ac t io n  o f  the .upper ,  layers ofLS.ite 
A ( F ig .52).  The  a m o u n t  o f  238U in c o rp o ra te d  in th is  layer  rem ains  
re la t ive ly  c o n s ta n t  th r o u g h o u t  the  p rof i le ,  as does  the  am o u n t  o c cu r r in g
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as e x c h a n g e a b le  ca t ions ,  a m in o r  p ro p o r t io n  o f  the  to ta l  level.  The  most
23 8o b v ious  fea tu re  o f  the  p ro f i l e  is the  c h an g e  in the  am o u n t  of- U 
o c cu r r in g  in the  eas i ly  o x id i s a b le  o rgan ic  matter,  on travers ing ,  t h e j r o n  
pan at 30 - 45 cm.
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F igu re  52. S p e c ia t io n  o f  238U, 226Ra and 228Ra at Sites-A and E.
1-38-
% of total . U  Exchang. Cat.
□  Organic Mat.
□  Fe Oxides
238u
% of total El Exchang. C a t
□  Organic Mat.
□  Fe Oxides
238u
% of total. H  Exchang. Cat. El Organic Mat. 
□  Fe Oxides
0.00 5.00 10.00
% of total
15.00 20.00
M Exchang. Cat.
□  Organic Mat.
□  Fe Oxides
226Ra 226Ra
AO-15 1ÉÍÍ
20.0 40.0
% o f total
80.0
O  Exchang. Cat.
□  Organic Mat.
□  Fe Oxides
10.0 20.0 30.0
% of. total
t------ -+
40.0 50.0 60.0
Ü  Exchang. Cat.
□  Organic Mat.- -■
□  Fe Oxides
228Ra 228Ra
F igure  53. 238U, 226Ra and  228Ra c o n ten t s  o f  in d iv id u a l  f r ac t ions  
e x p re s sed  as a p e rc en ta g e  o f  to ta l  s am ple  ac t iv i ty .
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Up to 50% of  the  to ta l  238U in the  soil  at the  low er  d e p th s  o f  Site A 
o ccu rs  in the eas ily  o x id i s a b le  o rgan ic  f r ac t ion ,  th is  p e r c e n ta g e  d ropp ing  
to less  than 10% in.the.  upper,  th ree  layers .  Th is  f in d in g  is i n d i c a t iv e .o f  a 
loss  o f  u ran ium  from th is  f rac t ion  w i th in  the  u p p e r  layers  o f  the  soil ,  
above ,  the  iron.  pan,, at Site A. No. layer, o f  the  profi le ,  from Site,  A 
ex h ib i t s  the  same p ro p o r t io n  o f  238U a s s o c ia te d  with  th is  f rac t ion  as the  
layers  at  si te E (F ig .53.)  which  are all g rea te r  than  60% . Th is  loss  o f  
u ra n iu m  from the eas i ly  o x id i s a b le . f r a c t io n  i n  the  uppe r  layers o f  Srt^ A 
is s u p p o r t iv e  o f  the  v iews  o f  Id iz  et a l  (1986) ,  G o l d h a b e r  et al (1987)  
and  Ames and Dhanpat,  (1978)  who all h ig h l ig h t  redox  p r o c e sse s  as, a 
fac to r  g o v e rn in g  the  ab i l i ty  o f  hum ic  a c id /o rg a n ic  m ate r ia l  to re ta in  
uran ium.  As the  .upper  layers,  o f  Si te  A.are.  more,  oxid is ing ,  due  to th e i r  
low er  sa tu ra t io n  level ,  it w ou ld  ap p ea r  tha t  the  low er  levels  o f  u ran ium  
in th e se  layers  is d u e . to  e i t h e r  a l o s s .o f  u ra n iu m .v ia  o x i d a t i o n  and loss 
in s o lu t io n  or a r e d u c t io n  in the  ab i l i ty  o f  th is  f r ac t ion  to re ta in  u ran iu m
un d e r  o x id i s in g .c o n d i t io n s .
& i
226Ra a lso  d isp lays  p r e d o m in a n c e  in the  iron  ox ide  f rac t ion  at Site,  A, 
l i t t le  or no 226Ra o c cu r r in g  in the  o th e r  two f rac t io n s  a n a ly sed  ( F ig .52.) 
H o w ev e r ,  u n l ik e  238U, a s m a l le r  p ro p o r t io n  o f  the  to ta l  226Ra is b o u n d  in 
the  lab i le  f r ac t ions  (i.e.  e x c h a n g e a b le  ca t ions  + a m o rp h o u s  iron  ox ides  + 
easily, o x id i s a b le  o rgan ic  m at te r )  .T h i s . fac t  s u p p o r t s  the  views o f  T i taeva  
(1967) who a sc e r t a in e d  tha t  rad ium  is a s s o c ia te d  with  o rgan ic  r e s id u es  
tha t  are i n s o lu b le  (i.e. n o n -h u m i f i e d )  in NaOH. As the  h y p o c h lo r i t e  
ex t rac t io n  does  n o t  rem ove  the  more  re s i s t a n t  o rgan ic  re s id u es  (K oge l -  
Knab.er and H a tch e r ,  198.9),. it w ou ld  a p p e a r  tha t  a^signif icant p ro p o r t io n  
o f  the  226Ra p re s en t  at the  s i te  is p re sen t  in tha t  form. The  lack o f  226Ra 
in the  lab i le  f r ac t ions  is no t  u n e x p e c t e d  g iven  the im m o b i l i ty  o f  rad ium 
in such  e n v i ro n m e n ts  (B urns  et a l ,. 1991) and indeed ,  the  p r o p o r t io n .^  f 
the  to ta l  226Ra b o und  in the  lab i le  f r ac t io n s  at Si te  A is in ap p ro x im a te  
agreement with the proportions ca lc u la t e d  by G reem an and Rose  (1 990)
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228Ra a lso  fea tu re s  s t ro n g ly  in th e  a m o rp h o u s  iron ox id e  f rac t ion  but 
does  ap p ea r  to have  a s t ro n g e r  a s s o c ia t i o n  with  o rgan ic  m ate r ia l  than 
226Ra a l th o u g h  a s ig n i f ic a n t  p ro p o r t io n  occurs  with  iron  ox ides  ( F ig .5,3.).
2j8U o c c u r re n c e  at  Si te  E is a lso p r e d o m in a n t ly  w i th in  thè  am o rp h o u s  
iron ox ides  a l th o u g h  the  am o u n t  in th is  f r ac t ion  does  vary  with dep th  by 
up to a fac to r  o f  4 (F ig .52 ). In a s im i la r  p a t te rn  to Si te  A, the  lo w es t  
o c cu r re n c e  i n  the. o rgan ic  f r ac t io n  is a s s o c ia t e d  with  the upper,  layers^of 
the  p rof i le ,  the  am o u n t  in c re a s in g  s ig n i f ic an t ly  with  dep th .  C o n v e r t in g  
the  va lues  to p e rc e n ta g e s  o f  to ta l  ac t iv i ty  does  h o w ev er ,  d i s p l a y  a 
d i f fe ren t  pa t te rn  to tha t  ex h ib i te d  at Si te  A (F ig .53). In co n t ra s t  to Site 
A, the  in c rease  in the  p r o p o r t i o n  o f  U 238 o c cu r r in g  in the  eas ily  o x id i s e d  
o rgan ic  m a t te r  with,  depth,  is no t  as p r o n o u n c e d .  The  top.  two layers^of  
Site E which  d isp lay  the  lo w es t  238U c o n te n t  ap p ea r  to fo l low  the  same 
a p p ro x im a te  d i s t r ib u t io n  o f  the  n u c l id e  am o n g  the  th ree  f r ac t ions  as the  
d e ep e r  th ree  layers  w h ich -co n ta in  the  mos t  238U. This  is p re su m ab ly .d u e  
to the  fact  tha t  the u p p e r  levels  o f  Site E are  n e v e r  as o x id i s in g  as the 
same levels  o f  Site A and h e n ce  u ran ium  loss  is no t  as seve re  as for Site 
A.
226Ra levels  in each  f rac t ion  at Si te  E in c rease  s tead i ly  on -g o in g  dow n 
the  p ro f i le  (F ig .52.) ,  the h ig h e s t  le.veLs.occurring i a  the  am orpho .usa ron  
ox ide  f rac tion .  The  p ro p o r t io n  o f  th is  n u c l id e  b o u n d  in the  iron ox ide  
f rac t ion ,  is Less at Site. E_ th a n  at Si te  A, the. p ropor t ion ,  n e v e r  e x ce e d in g  
13% o f  the tota l  p re sen t  in the sample .  The  p ro p o r t io n  o f  the  to ta l  226Ra 
p re sen t  at Si te  E in the  lab i le  f r ac t io n s  is g rea te r  than  the  p ro p o r t io n  
p r e s e n t . a t  Site A in . th e  same, frac tions ,  by m ore  than  a fac to r  of.t.w.o at 
all levels  o f  the  prof ile .
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4 . 2 . 4 . 2 .  I n d i v i d u a l  S a m p l e s
A n u m b e r  o f  in d iv id u a l  sam ples  were  a lso  s u b je c t e d  to sp éc ia t io n  
ana lys is  for c o m p ara t iv e  p u rp o ses .  The  r a d io lo g ic a l  p ro p e r t i e s  are 
p re sen te d  in Table. . X.,_the sp é c ia t io n  da ta .b e in g  p r e s e n te d  in Tab les .X I  - 
XII.  C hem ica l  da ta  for the  sam ples  is p re sen te d  in Tab le  xii. ,  
A p p e n d i x . 1.
Sample 238U-Bq/kg 226Ra B q /kg 228Ra B q/kg  ,
E l 53.1 320 .4 18.6
E4 476 .0 540.0 123.5
E5 115.3 421 .6 38.8
E6 83.6 444 .8 32.2
‘ 9 75 .9 421 .5 22.6
41- 546:2 3 93.0 3 0.4
54 788 .0 479 .0 117.3
T ab le  X  . R a d i o n u c l id e  ac tiv it ie s ,  for in d iv id u a l  samples ,  o f  Survey  2. ,
Sample ^ 8U E x .C a t io n zUXJ Eas .Org . Fe O xides
E l 2.0 (3.8) 19.9 (37.6) 31.0 (58.3)
E4 10:6 (2:2) 114.0 (23.9) 320:0 (67.2)
E5 17.5 (15.2) 54.0 (46.8) 40,1 (34:7) ^
E6 3.5 (4.2) 4.1 (4.8) 1.1 (1.3). ,
9 7.5 (10.0) 36.6 (48.2) 21.1 (27.8) ‘
41 8.2 (1.5) 74.9 (13.8) 283.0 (51.8)
54 17.0 (2.2) 85.9 (10.9) 451.2 (57.2)
T ab le  XI. 238U sp é c ia t io n  for in d iv id u a l  sam ples  o f  Survey  2. V a lues  in 
b racke ts  d e n o te  p e rc e n ta g e  o f  to ta l  238U activ ity .
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Sample 226Ra E x .C a t io n 226Ra Eas .Org . 226Ra  Fe O xides
E l 1.6 (0.5) 2.5 (0.8) 76.0 (23.7)
E4 23.8 (4.4) 11.6 (2.1) 3;9 (0:7) ,
E5 37.5 (8.9) 9.6 (2.3) 17.7 (4.2)
E6 2.9 (0.6) 1.1 (0.3) 2.2 (0.5)
9 1.1 (0.3) 1.2 (0.3) 13.0 (3.1)
41 14.0 (3.5) 1.4 (0.4)- 19.0 (4.8) ,
54 - 8.0 (1.6) 2.4 (0.5) 31.5 (6.6)
Tab le  XII. 226Ra s p é c ia t io n  for in d iv id u a l  s am ples  o f  Survey  2. V a lues
1 226 in b racke ts  d e n o te  p e rc e n ta g e  o f  to ta l  Ra activ ity .
Sam ple 228Ra E x .C a t io n ^ sRa Eas .Org . i28Ra Fe O xides
E l 4.7 (25.1) 2.1 (11.1) 9.7 (52.3)
E4 14:2 (11.5) 4:1 (3.3) 8.1 (6:6) -,
E5 3.9 (10.8) 3.8 (9.9) 2.3 (6.0)
E6 4.7 (14.5) 1.7 (5.2) 2.8 (8.6)
9 4.7 (20.6) 0.5 (2.2) 2.2 (10.1)
41 8:6 (28.4)* 6.1 (20.1) 8t7 (28:6) .
54 4.1 (3.5) 2.4 (0.5) 14.9 (12.7)
Tab le  XIII. 228Ra sp é c ia t io n  for in d iv id u a l  sam ples  o f  Survey  2. V a lues  
i n .b r a c k e t s . d e n o te .p e r c e n t a g e  oLto.taL 228Ra. activ ity .
A n u m b e r  o f  facts  p r e s e n t  th e m s e lv e s  on ex am in a t io n  o f  the  resu l t s  for 
the  i n d iv id u a l  samples .  F o u r  o f  the  sam ples  (E4, E5, 41 and 54) He 
wi th in  the  w a te r lo g g ed  d e p re s s io n  marked  in Fig.  10. T h ese  sam ples  
co n ta in  re la t ive ly  la rge  am o u n ts  o f  U238 in the  eas i ly  o x id i s a b le  o rgan ic
frac tion,  co m p ared  to the  th ree  sam ples  ly ing o u t s id e  the.  d ep re ss io n ,
i
a l th o u g h  the p ro p o r t io n s  o f  th is  n u c l id e  ex i s t in g  in th is  f r ac t ion  are 
g rea te r  for t h e se  sam ples .  The  sam ples  ly ing  w i th in  the  d e p re s s io n  all 
c o n ta in  g rea te r  am o u n ts  o f  238U in the  a m o rp h o u s  iron ox ide  f rac t ion  
than  s am p les  o u ts ide ,  226Ra va lues  be ing  co m p arab le .  I n v e s t ig a t io n  o f
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how  th e  r a d io n u c l id e s  are d i s t r ib u te d  am o n g  the  th re e  f r ac t ions  
d e p e n d in g  on how  the  sam ples  are  p o s i t io n e d  re la t ive  to the  water  level 
o f  C lo g h e r  B urn  a lso  p ro v id e s  some in s ig h t  in to  ho w  the r a d io n u c l id e s  
b eh av e  w i th in  the  soil .  Sam ples  E l ,  E6,. E5 and  9 are p o s i t io n e d  ab.ove 
the  m ax im um  level o f  w a ter  in C lo g h e r  B urn  and are rare ly  sa tu ra ted .  
S am ples  54, 41 and E4 are regu la r ly  s a tu ra ted ,  b e in g  p o s i t io n e d  lower  
down in the  d e p re s s io n  (F ig .46). The  fo rm er  four  con ta in ,  on average ,  
3 0 .5%  o f  th e  to ta l  238U c o n te n t  o f  the  sam ple  in the  am o rp h o u s - J ro n  
ox ide  frac tion,  compared, to an. average  o f  58 .7%  for the l a t te r  th ree  
which  rem ain  m ore  s a tu ra ted  (6 0 .3 %  av e rag e  m o is tu re  as o p p o s e d  to 
80.2%). A l th o u g h  226Ra levels  are c o m p ar ab le  b e tw een  the  two g ro u p s  
(470 B q /kg  and 402 B q /kg) ,  th e re  is a d i sp a r i ty  b e tw ee n  the  leve l s  o f
2 3 8 2 3 8U exh ib i ted .  The  sa tu ra ted  group  c o n ta in s  an average  U level o f  
603 .4  Bq /kg  with  the  u n s a tu r a te d  g roup  c o n ta in in g  82 B q /k g  238U on 
average .
In. an a t t e m p t  to e x p la i n  the pa t te rn  o f  o c c u r r e n c e  o b se rv ed  i n t h e  dep th
i
p rof i les  at s i tes  A and E and the  in d iv id u a l  s am ples ,  co r re la t io n  b e tw ee n  
the  levels  o f  each  r a d io n u c l id e  in each  f r ac t ion  and  the  s tu d ied  ch em ica li
pa ram ete rs  was sought .  As the  o c cu r r e n c e  o f  the  r a d io n u c l id e s  in the  
e x c h a n g e a b le  ca t ion  f r a c t io n  p ro v ed  s l ig h t  in m os t  cases ,  t h i s . f r a c t io n  
was no t  in c lu d e d  in the  ana lys is .  D e ta i l ed  co r re la t io n  m a tr ices  are  
p ro v id e d  in Tab les  x ix  - xxvii.,. A p p e n d i x .3.
226Ra levels  in the  eas i ly  o x id i s a b le  o rgan ic  f r ac t ion  d isp lay  s ig n i f ic an t  
(p = 0.01 level)  c o r r e l a t i o n ’s with 226Ra as an e x c h a n g e a b le  ca t ion  
in d ic a t in g  tha t  eas i ly  rem o v ed  226Ra (and h en ce  very  m o b i le )  is due  to 
its p resence .  in_the eas i ly  o x id i s a b le  o rgan ic  f rac t ion .  A ssu m in g  tha t  t^ie
226 99 6 'Ra  p re s e n t  as an e x c h a n g e a b le  ca t ion  is d e r iv ed  to ta l ly  from the  Ra 
p re s en t  in the  a f o r e m e n t io n e d  o rg an ic  f r ac t ion  in d ica te s  that ,  on average,  
71% o f the total 226Ra b o und  in th c eas i ly  o x id i s a b le  o rgan ic  matrix
(eas i ly  o x id i s a b le  + e x c h a n g e a b le )  is mobi le .  Th is  im pl ies  th a t  226Ra is 
not f i rmly  b o u n d  in the  eas i ly  o x id i s a b le  m ate r ia l  and  its im m o b i l i ty  in 
soi l  m u s t . th e re fo re  be due.  to the  p r e d o m in a n c e  of. i t s  occurrence .  in„the 
a m o rp h o u s  iron ox ide  f rac t ion ,  a fact  su p p o r te d  by the f ind ings  o f  the  
s p e c ia t io n  ana lys is .  Th is  may be c o n t r a s t e d  with  the fact  tha t  
e x c h a n g e a b le  238U c o n s t i tu te s  on ly  23%, on average ,  o f  the eas i ly
o x id i s a b le  + e x ch a n g e a b le ,  in d ic a t in g  s t ro n g  b in d in g  o f  238U with  eas i ly
228o x id i s a b l e  o rgan ic  mater ia l .  Ra o c c u r r e n c e  as an e x c h a n g e a b le  ca t ion
c o n s t i tu t e s ,  on average ,  .76% o f  total,  occur rence .  in„the two .f rac tions ,  a
226 228 f igure  tha t  is c o m p a r a b le  to the  Ra va lue .  A ssu m in g  Ra to be  an
in d ic a to r  for 232Th im p l ie s  tha t  th o r iu m  b o u n d  to eas i ly  o x id i s a b le
m ate r ia l  is re la t ive ly  eas i ly  rem o v ed  and h e n ce  m obi le .  226Ra levels  in
the  a m o rp h o u s  iron ox ide  f rac t ion  are n e g a t iv e ly  co r re la ted  with  hum ic
acid  levels  in d ic a t in g  a p o s s ib le  ro le  for h u m ic  acid  in the  o c c u r re n c e  o f
rad ium  in the  a m o rp h o u s  iron  o x ide  f rac tion.
The  ro le  o f  o rgan ic  m a te r ia l  in the  b in d in g  o f  u ran ium  in pea t  is 
re f le c ted  in a p o s i t iv e  c o r re la t io n  b e tw ee n  238\ j  l e v e l s - i n  the eas i ly
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o x id i s a b le  o rgan ic  f r ac t ion  and to ta l  U levels.  As U levels  in th is  
f r ac t ion  are p o s i t iv e ly  c o r re la ted  with  the  levels  ex i s t in g  in the  
am o rp h o u s  iron o x ide  f rac t ion  the re  may be an equ i l ib r ium ,  (ch em ica l )  
ex i s t in g  b e tw een  levels  o f  th is  n u c l id e  in t h e se  two frac t ions .  238U levels  
in the  o rgan ic  f r ac t ion  are  p o s i t iv e ly  c o r re la ted  with m o is tu re  leve l s  in 
the  soil .  The  p r e d o m in a n t  e ffect  o f  m o is tu re  leve l s  in the  soil  is to a ffec t  
the  redox c o n d i t io n  o f  the  so il ,  g re a te r  sa tu ra t io n  p r o d u c in g  a m ore  
re d u c in g  soil .  No c o r re la t io n  h o w e v e r  is o b se rv ed  b e tw ee n  238U in any 
f r ac t io n  and Eh value..  In a reduc ing ,  e n v i r o n m e n t  u ran iu m  is c o n s id e re d  
im m ob i le  (S h ep p a rd ,  1980) and th is  v iew  is su p p o r te d  by the  resu l t s  o f  
th is  ana lys is ,  sam ples  with  low er  m o is tu re  leve l s  hav ing  low er  238U 
levels  re la t ive  to s am ples  e x h ib i t in g  g rea te r  deg rees  o f  s a tu ra t ion .  It is 
p o s s ib le  to c o n c lu d e ,  how ever ,  tha t  the  s am p les  wi th  the  le sse r
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deg ree  o f  s a tu r a t i o n  and the  low er  2j8u  c o n ten t  may be thus  due  to th e i r  
no t  be in g  e x p o se d  to th e  same v o lu m es  o f  u ra n iu m  b e a r in g  w a te r  as the  
sam ples  with  g rea te r  sa tu ra t io n  and c o r r e s p o n d i n g  h ig h e r  u ran ium  
con ten t .  This  seems im p r o b ab le  g iven  the fact  th a t  sam ples  e x h ib i t in g  
the  low er  leve l s  o f  lab i le  238U tend  to co n ta in  re la t ive ly  h igh le v e l s  o f  
226Ra,. some, p ro p o r t i o n  of. which, ,  it m us t  be p re su m ed ,  came a b o u t  via 
ing row th  from an in it ia l  c o n c e n t r a t i o n  o f  238U. The  c o n c lu s io n  is drawn 
th e re fo re ,  tha t  the  sam ples  taken  from the  d e p re s s io n ,  w h ich  c o n ta in  the  
low er  a m o u n t s  o f  lab i le  2j8U, m us t  at som e p o in t  have  c o n ta in ed  g rea te r  
am o u n ts  o f  2j8U in th e se  f r ac t ions ,  a la rge  p ro p o r t io n  o f  which  has been  
los t  via som e change  in the  c o n d i t io n  o f  the  soil .  T he  c h an g e  m os t  l ike ly  
to have, p r e c ip i t a t e d  su ch .a  loss, is a . ch an g e  f r o m . re d u c in g  cond i t ions^ to  
o x id i s in g  c o n d i t io n s  via  a l e s s e n in g  in th e  d e g re e  o f  sa tu ra t io n  o f  the  
soil.
4.2.4.3. Summary
In re la t ion . to  the  m ode  o f  occur rence ,  o f  rad io n u c l id e s ,  w i th in  the  s tu d ied  
d e p re s s io n ,  a s ig n i f i c a n t  f ind ing  is the  fact  tha t  the  to ta l  a m o u n t  o f  
u ran ium  o c cu r r in g  in the  d e p re s s io n  is a s so c ia te d  with  the  lab i le  soil  
f rac t ions .  Th is  is s u p p o r t i v e  o f  the  p rev io u s  f in d in g s  o f  th is  s tudy  and is 
co n s i s ten t ,  w i th  the.  c o n c l u s i o n  tha t  e lev a te d  u ra n iu m  l e v e l s  a t - th e  s i te  
are due  to t r a n sp o r t  o f  the n u c l id e  via  the  d ra inage  system.  The  sam ples  
tha t  d isp lay  the  g rea te s t  leve l s  o f  a p p a r e n t  u ra n iu m  loss  all e x h ib i t  low 
levels  o f  th is  n u c l id e  in the  eas i ly  o x id i s a b le  o rgan ic  f rac tion.  
C o n s id e r a t i o n  o f  th is  fact  in l igh t  o f  the  c o n c lu s io n s  o L t h e  p r e c ed in g  
Sec t ions  lends  w e igh t  to the  no t io n  tha t  redox  s ta tus  exer ts  a co n t ro l  
ove r  the a s s o c ia t i o n  of, at leas t ,  u ran ium  with  hum ic  ac ids  and decay ed  
o rgan ic  matte r.  W hi le  m uch  o f  the l i t e ra tu re  su p p o r t s  the  c o n c e p t  o f  
redox,  s ta tus  c o n t ro l l in g  u r a n iu m . r e t e n t io n  on. iron  .oxides,  the  e f f e c t .o f
i
redox on the accumulation of uranium by organic matter has been studied
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less f requen t ly .  The  resu l t s  o f  th is  s tudy  s u g g e s t  tha t  u r a n i u m  re ten t io n
by such  m ate r ia l  may be  a f fec ted  to a la rge  ex ten t  by the  p re v a i l in g
226 22 8redox  s ta tus  o f  the soil- o r  peat .  Ra and Ra have  a much lovver 
o c c u r r e n c e  in the  lab i le  f r ac t io n s  o f  the  soil  and  e x h ib i t . a . c e r t a in  level 
o f  d ispa r i ty  in th e i r  m ode  o f  o c c u r ren c e ,  m os t  p ro b a b ly  due  to th e i r  
re la t ive  p o s i t io n s  in the i r  decay  ch a in s  in r e l a t io n  to their_ nea res t  
tho r ium  p a re n t  and the  d i f f e r en ces  in the i r  ha l f - l ives .  As rad ium  exh ib i t s  
a low level  o f  so lu b i l i ty ,  it is l ike ly  tha t  m uch  o f  the. radium..with in  the 
d e p re s s io n  a r ises  via  ing row th  from, p r im ar i ly ,  u ran ium .
4 .3 .  226Ra/-238U S e c u l a r  D i s e q u i l i b r i u m
An obv ious  fea tu re  o f  bo th  Surveys  1 and 2 was the  a n o m a lo u s
226*238R a/  U d i s e q u i l ib r iu m  e x h ib i t e d  by sam ples  ly ing  w ith in  the  e n r i c h ed  
a reas .  The level o f  d i s e q u i l i b r iu m  o f  the  sam ples  taken  in Survey  2 is 
anom alous ,  b o th  in te rms o f  t h e . m a g n i tu d e s .o f  the  ra tios  exh ib i ted ,  by the 
s am ples  and  in the  va ry ing  levels  o f  d i s e q u i l i b r iu m  found  at d i f f e ren t  
d ep ths  w i th in  i n d iv id u a l  p ro f i le s  and at d i f f e r en t . lo c a t io n s .  within._the 
s tu d ie d  area.  The  d i s e q u i l i b r iu m  c o n d i t io n  w i th in  th e  area at lo ca t io n  X 
is su m m ar is ed  b e lo w  (F ig .54),. the  d iag ram  ind ica t ing ,  a large  d i spa r i ty  
b e tw een  ra tios  for sam ples  s ep a ra te d  by re la t ive ly  smal l  d is tance .  An 
i n i t i a L e x a m in a t io n  ind ica te s  tha t  sam ples .L y in g .o u ts id e . th e  d e p re s s io n
tend  to have  large e x ce s se s  o f  226Ra re la t ive  to 238U and tha t  dep th
)
prof i les  tend  to e x h ib i t  b ro a d ly  va ry ing  ra t ios  at d i f f e ren t  dep ths .  The 
o b v io u s  q u e s t i o n s ,  th e re fo re  r e la te  to w he ther ,  the. d i s e q u i l ib r iu m  
c o n d i t io n s  o b se rv ed  are due  to 226Ra e n r i c h m e n t  re la t ive  to 238U or 238U 
d e p le t io n  re la t ive  to 226Ra and why the enrichment/depletion occurs .
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226 23 8F igu re  54. Ra/  U ra tios  for sam ples  taken  as par t  o f  Survey  2.
4 . 3 . L. R a d i o m e t r i c  A n a l y s i s
For  the  p u r p o s e . o f  th is  in v e s t ig a t io n ,  the.  da ta  set.  from. Survey  2 w,as 
d iv id ed  on the  bas is  o f  w h e th e r  or no t  a sam ples  226R a / 238U ra tio  was 
above  or b e lo w  the  average  226R a / 2j8U ra tio  (1 .71 )  for the  en t i re  va lley.  
Such a d iv i s io n  ^ r o d u c e d - th e  fo l low ing  two sets. o f . f igures .
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ABOVE 1.71 B E L O W  1.71
Sample 226Ra/.23*U. Sample z z . R a / ^ u
E 0-15 4.50 E 30-45 1.03
E 15-30 4.77 E 45-60 0.78
A 0.-15 6.22 E. 60-75 1.14
A 15-30 5.95 E 4 1.13
A 30-45 9.10 54 0.61
A.45-60 5.57 41 0.72 ' ,
A 60-75 2.32 F 30-45 0.46
E 1 6.04 C0-15 1.35
E 5 3.65 1 C 15-30. 1.43
E6 5.32 C 30-45 1.15
9 5.55 F 3 1.05
F 0-15 13.70
F 15-30 5.70
F 2 2.38
T ab le  XIV . Survey  2 data  set  sp l i t  on basis  o f  s a m p l e ’s 226R a /238U ratio 
re la t ive  to the Survey  1 226R a / 238U average  o f  1.71.
R a 2 2 6 /U 2 3 8
Figure  55. P lo t  o f  to ta l  lab i le  238U (Bq/kg)  ag a in s t  226R a / 238U
A ssu m in g  tha t  u ran ium  loss  or e n r i c h m e n t  w ou ld  o c c u r  from w ith in  the  
lab ile  f r ac t io n s  ( e x c h a n g e a b l e  ca t ions  + am orphous ,  iron ox ides  + eas i ly
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o x id i s a b le  o rgan ic s ) ,  e v id e n c e  w as .sough t  from w i th in  th e se  f r ac t ionsJ )y  
p lo t t in g  a graph o f  to ta l  lab i le  238U ag a in s t  the  226R a / 238U ratio .  F ig u re
23  8 '55 p ro v id es  som e e v id e n c e  for a r e l a t io n s h ip  b e tw ee n  the  level o f  U in 
the, lab i le  f r ac t ions  o f  the soi l  .and. the  d i s e q u i l i b r iu m  c o n d i t io n ,  o f . the  
sample.  This  g raph does  not h o w e v e r  in d ic a te  w h e th e r  e n r i c h m en t  or
23 8 * 226d e p le t io n  o f  U ( r e la t ive  to Ra) ha s -o ccu r red ,  on ly  tha t  th e  level o f  
238U / i n  the  lab i le  f r ac t io n s  h a s ,a .  bear ing ,  on t h e  226R a / 238U ratio._,As 
rad ium  and tho r ium  are a ssu m e d  to be im m o b i le  in the  surf ic ia l  
en v i ro n m e n t ,  some e v id e n c e  for w h ic h  has. been, prov ided ,  by th is  s tudy ,i
228 238 228then  c o m p ar i so n  o f  the  Ra/  U ratio ( a d o p t in g  Ra as an in d ica to r  
o f  232Th) p rov ide s  an in d ic a to r  o f  w h e th e r  or no t  2j8y  has been  en r ic h ed  
or dep le ted .  A p lo t  o f  228R a / 238U ag a in s t  226R a / 238U ( F ig .56.) ind ica te s
23 8 226 *that, as the. am ount ,  o f  U p re s en t  .relative,  to Ra dec rea se s  theij  a 
c o r r e sp o n d i n g  drop is e v id en t  in the  am o u n t  o f  238U p re sen t  r e la t ive  to
228' 23 2'Ra, and the re fo re ,  Th. Th is  po in t  fo rces  the  c o n c lu s io n  tha t  an
2 2 6 2 3 8  9 ^ 8i n c rease  in the  Ra/  U ra tio  is caused  by a loss  o f  U ra the r  th^n a
r  2 2 6 -r>g a m b o l .  J<a.
R a 2 2 6 /U 2 3 8
F igu re  56. P lo t  o f  226R a / 238U aga ins t  228R a /238U.
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F igure  57. P lo t  o f  226R a / 228Ra. ag a in s t  226R a / 238U.
This  c o n c lu s io n  is su p p o r te d  by the  r e l a t io n s h ip  b e tw ee n  226Ra and 228Ra 
at va r ious  226R a / 238U ra tios  (F ig .57.) . The a m o u n t  o f  226Ra p r e s e n t  in 
the  soil  c om pared  to th e  a m o u n t  o f  228Ra rem a ins  re la t ive ly  c o n s ta n t
22 6 238i r r e s p e c t iv e .o f  the  R a / U ratio .?.a c o n d i t io n  .that .would no t  ex is t  were  
va ry ing  226R a /238U ra tios  due  to in f lux  or loss  o f  226Ra. In o rde r  to 
a sce r ta in  from which  o f  the  lab i le  f r ac t ions  u ran iu m  is lost ,  p lo ts  o f  2j8U 
levels,  in .b o th . th e  a m o rp h o u s . i r o n  o x id e s .a n d  eas i ly  o x id i s a b le . f r a c t io n s  
were  c o n s t r u c t e d  ( F ig .58).
226 23 3E lev a ted  Ra/* U r a t io s - a p p ea r  to be  r e la ted  to loss  o f  u ran ium -f rom
b o th . th e  eas i ly  o x id i s a b le  o rgan ic  mater ia l .and^ .amorphous  iron, oxides .
. i
A lthough  it ap p ea rs  th a t  e lev a ted  226R a /238U ra t ios  are due  to loss  o f  238U 
from the  lab i le  f r ac t ions  o f  the  soi l ,  it is worth  c o n s id e r in g  again  if  the 
d i s e q u i l i b r iu m  s ta te  is due  to an in f lux  o f  226Ra to the  soil  (mos t  
p ro b a b ly  via  d ra inage .w a te r .a s  d i s c u s s e d  in_section_.4.1.5. Assuming.^uch
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ian in f lux  has occu r red ,  it w ou ld  be ex p ec te d  tha t  the lab i le  f r ac t ions  o f  
so i ls  e x h ib i t in g  h igh  226R a / 238U shou ld  con ta in -h ig h  226Ra levels .
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F igu re  58. P lo t s  o f  238U in (a) eas ily  o x id i s a b le  o rgan ic  f r ac t ion  and (b) 
iron ox ides  f r ac t ion  ag a in s t  226R a /238U. N o te  log  scale .
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Figure  59, P lo t  o f  .total lab i le  226Ra. aga in s t  226R a / 2j8U.
F igu re  59. p ro v id e s  no e v id e n c e  o f  e lev a ted  lab i le  226Ra at h ighe r
226 238 *Ra/  U ra tios .  G reem an  and R o se  (1992).  h y p o th e s i s e  tha t  e leva ted  
226Ra re la t ive  to 23SU may be due  to se le c t iv e  cyc l in g  o f  226R a by p lan ts  
at the  soil  surface .  A ser ies  o f  m e a s u re m e n t s  o f  the  r a d io n u c l id e  c o n ten t  
o f  plants, g ro w in g  at  .the. si te. were,  m ade  in o rd e r  to. i n v e s t ig a te  w h e th e r  
or not th is  may be so. F o u r  ind iv id u a l  s am ples  were  taken  from Site A
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and four  were  taken, from Site. E, resu l t s  being,  d isp layed ,  in Table .  XV. 
There  is no e v id e n c e  o f  226Ra e n r i c h m e n t  by v e g e ta t io n  at the  s i tes ,
226 2 3 *sam ples  d i sp la y in g  Ra ac t iv i t i e s  g rea te r  than  th o se  o f  U 
a p p ro a c h in g  the. average  soi l  ra t io  for the. valley.- Sam ples  drawn, from 
Site E, w hose  su r face  layers  e x h ib i t  e x c e s s iv e  226Ra re la t ive  to 238U, 
d isp lay  p re fe ren t ia l  up take  o f  u ran ium  w hich  w ou ld  seem to d i s c o u n t  the
* 226 226 73 8th eo ry  tha t  s e l e c t iv e  up take  o f  Ra may a c c o u n t  for e lev a ted  Ra/^ U
ratios.
S amp 1 e - za*U Bq/kg 2ii6Ra B q /kg Ra B q /kg ■..226R a / ^ U ,
1 A 124.0 2 0.1.. 6. 84,6 1.63.
2 A 132.1 188.3 79.5 1.43
3 A 140.3 175.6 81.0 1.25
4 A 110.5 198.7 75.8 1.80
1 E 4 62 .2 271.3 192.4 0 .58
2 E 390.5 241 .8 175.9 0.62
3 E 420.1 220:3 180.0 0 .52 -
4 E 378 .9 2 0 5 .7 160:2 0 .54
T ab le  XV. R a d i o n u c l id e  a c t i v i t i e s . for_ v e g e t a t i o n  sample ,  d ra w n  from 
Sites  A and E.
A l th o u g h  ra d io m e t r i c  ana ly s is ,  o f  v e g e t a t i o n  from. the. s i tes  does  , not 
in d ica te  p re fe ren t ia l  up take  o f  226Ra to such  an e x ten t  that  wou ld  
a cc o u n t  for o b se rv ed  excess ,  two fu r th e r  p o in t s  s h o u ld  be taken  into 
accoun t .  The. average  l i fespan  o f  v e g e ta t io n  at the s i te s  is. u n d o u b te d ly  
sho r t  re la t ive  to the age o f  the  so il ,  t h e re fo re  smal l  e x ce s se s  o f  226Ra in 
p lan t  t i s su e s  cou ld  feas ib ly  re su l t ,  ove r  a t ime pe r io d  c o r r e sp o n d i n g  to 
many life  cycles ,  in 226Ra excess  as o b se rv ed  in the  soil  samples .  This  
p o in t  is s u p p o r t e d  by the  fac t  that ,  on  average ,  89 .5%  o f  the  totaL 226Ra
153
/
re s id es  in non lab i le  f rac t ions .  A ssu m in g  tha t  the  n o n - la b i l e  f rac t ions  
c o n ta in  re s i s t a n t  on n o n -h u m i f ie d  o rgan ic  m ate r ia l  + rock  re s id u es  
(“ f lo a t ” ) + m inera l  re s id u es  ( c o n c re t e d  m a n g an e se  and iron  ox ides) ,  then  
e s t im a t io n  of  the  am o u n t  o f  226Ra in the n o n -h u m i f ie d  o rgan ic  re s id u e  
may be made u s in g ,  the. 226Ra con ten ts .  o£  these,  materia ls ,  and . their  
re la t ive  p ro p o r t io n s  per  unit  mass  o f  soil.  On average ,  75% o f  the  to ta l  
226Ra per  un i t  soil  mass  is a s so c ia t e d  with  the  re s i s t a n t  o rgan ic  f rac t ion ,
>^3 8co m p ared  to n e g l ig ib le  am oun ts ,  o f  " U, a l t h o u g h . t h e r e  is no ap p a ren t  
r e l a t io n sh ip  b e tw ee n  the  a m o u n t  o f  226Ra in th is  f r ac t ion  and the  
o bse rved  d i s e q u i l ib r iu m  ( F ig .60.).  The  fact  tha t  l i t t l e  or no 2,8u  re s ides  
in this, f r ac t ion  c a n n o t  be e x p la in ed  by the  re su l t s  of. this,  s tudy  a n d j s  a 
p o in t  wor thy  o f  fu r th e r  in v es t ig a t io n .
A seco n d  m e ch an ism  tha t  may- a cc o u n t  for e x ce s s iv e  226Ra is p re fe ren t ia l  
leach ing ,  o f  226Ra f r o m  the. u n d e r ly in g  l i th o lo g y  during ,  soil  fo rm a t io n  
p ro cesses .  Such a p ro cess  s h o u ld  lead  to o b se r v ab le  d e p le t io n  o f  226Ra 
re la t ive  to 238U in the  rock,  h o w e v e r  a se r ies  o f  s am ple  from the  area 
sh o w  no e v id e n c e  o f  th is ,  R a /  U ra tios  b e ing  c lose  to un i ty  (Tab le .  
XVI).
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F igure  60. P lo t  o f  226Ra in the re s i s t a n t  organic- f r ac t ion  ag a in s t
226iR a / 238U d i s eq u i l ib r iu m .
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<Sample 238U Bq/kg 22t>R a Bq/kg 228Ra Bq /kg 226R a / 2J8U
1 A 134.6 145.4 86.1 1.08
2 A 168.0 150.6 98 .2 0.89
3 A 157.4- 132.9 79.2 ' 0.8*4 '
4 A 146.2 128.7 74 .6 0.88 ,
1 E 143.2 164.5. 98.6 1.15 ,
2 E 174.1 152.9 106.7 0.88
3 E 156.2 148.9 101.0 0.95
4 E 159.8 127.0 96.2 0.79
T ab le  XVI. R a d i o n u c l i d e  c o n ten t  o f  rock  sam ples  from Sites  A and E.
In o rde r  to fu r th e r  i n v e s t ig a te  w h e th e r  or no t the o b se rv ed  
d i s eq u i l ib r iu m  ra tios  were  due  to 238U d e p le t io n  or 226Ra en r ic h m en t ,  
the  two sam ple  g roups  (T ab le  XIV.) were  a n a ly sed  for s ig n i f i c a n t  
d i fferences ,  in. the i r  r a d i o l o g i c a l  charac te r i s t ic s ,  u s ing  a M a n n - W h i tn e y  
R ank  Sum tes t  for n o n -n o r m a l ly  d i s t r ib u te d  g roups .  S ig n i f ic an t  
d i f f e rences  were  d e tec te d  b e tw ee n  the  two g roups  for a n u m b e r  o f  
va r iab les .  238U (p = 0 .023 ) ,  228Ra (p  = 0.01 1 ), 226R a / 238U (p = < 0 .0 0 1 )  
and 226R a / 228Ra (p = < 0 .0 0 1 )  were all s ig n i f i c a n t ly  d i f fe ren t  b e tw ee n  the  
two groups :  No s ig n i f ic a n t  d i f f e r en ce  w as -obse rved  for 226Ra (p = 0 .603 )  
or 228R a /238U (p = 0 .147) .  W hi le  the d i f fe rences  b e tw een  the . tw o  g roups
in re la t ion  to 238U and 226R a / 238U were  e x p ec te d ,  the  re su l t  in re la t ion  to
226 228 228R a / Ra and Ra were  no t  and rem ain  u n e x p la i n e d  at th is  poin t .
S u p p o r t in g  the  theory- tha t  lo ss  o f  238U has o ccu r red  from sam ples
ex h ib i t in g  e lev a ted  226R a / 238U ra tios  is the  fact  tha t  a s ig n i f ic a n t
d i f fe rence  (p< 0 .001 )  ex is ts  b e tw een  the  two g roups  in re la t ion  to the
a m o u n t  o f  lab i le  238U p re sen t  in the  sam ples ,  sam ples  with  - r a t io s -b e lo w
1.71 . con ta in ing ,  on average, .  521. B q /k g  o f . l ab i le  238U and sam ples  with
ra tios  ab o v e  1.71 c o n ta i n in g  only  an average  o f  68 .2  Bq/kg .  The
a rg u m e n t  tha t  the  o b se rv ed  e lev a te d  226R a / 238U ra tios  are due  to los$ o f
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238U from the  lab i le  f rac t ions  is su p p o r te d  by the  s t rong  d i f fe rences  
e x h ib i t e d  by the  two g roups  in re la t io n  to 238U leve ls  in the  eas ily  
o x id i s a b le  f r ac t io n s  and a m o rp h o u s  iron o x ides  (p ~ 0 .002  and 0.001 
re spec t ive ly ) .  No d i f f e r en ce  ex is t s  b e tw ee n  226Ra  leve l s  in e i th e r  o f  
th e se  f rac t ions .
The  p re v io u s  d i s cu s s io n ,  has.  s o u g h t  to exp la in  the, o b se rv ed  
d i s e q u i l ib r iu m  ra tios  o f  the  sam ples  from Survey  2 in .re la tion to the  
mode  o f  o c cu r r e n c e  o f  the  r a d io n u c l id e s  and th e i r  d i s t r ib u t io n  b e tw ee n  
the  d i f fe ren t  f r ac t ions  o f  the soil .  The e v id e n c e  so far p r e s e n te d  appea rs
sy q  r i«  /
to s u g g e s t  a loss  o f  U re la t iv e  to Ra as e x p lan a t io n  for e lev a ted  
226R a / 238U ra t ios  in the  . sam p les .  This, does  no t  accoun t , fo r .  the  ra tios  
ex h ib i t e d  by som e sam ples  w h ich  remain  s ig n i f ic a n t ly  b e lo w  the  average  
for the  valley.  In o rde r  to p ro v id e  som e e x p la n a t io n  as to why 238U is 
de p le t ed  in som e sam ples  and  e n r i c h ed  in o the rs  ( sam ples  be ing  
sepa ra ted  by re la t ive ly  smal l  d i s tan ces ) ,  a d e ta i l ed  e x am in a t io n  o f  the 
ch em ica l  co n d i t io n s  p e r t a in in g . to  the  samples,  is necessa ry .
4 .3 .2 .  C h e m i c a l  A n a ly s i s
E x a m in a t io n  o f  the  c o n d i t io n s  p e r t a in in g  at the  s i te  and a k n o w le d g e  o f  
the  ch em ica l  b e h a v io u r  o f  the  r a d io n u c l id e s  in q u e s t io n  a l low s  for 
c o n c lu s io n s  to .be  d raw n  a b o u t  th e . l ik e ly  p r o c e s se s  tha t  have  resul ted^ in  
the  d i s e q u i l i b r iu m  c o n d i t io n s  observed .  Th is  d i s c u s s io n  will c o n ce rn  
i t s e l f  with  ho w  ch em ica l  c o n d i t io n s  may have a b ear ing  on the  
d i s e q u i l ib r iu m  ob se rv ed ,  a d e ta i l ed  d e s c r ip t i o n  o f  the  chem ica l  
p ro p e r t i e s  o f  the. sam ples  hav ing  b e in g .p r o v id e d  in S ec t io n  .4.2.3 .„Raw 
data  for the  ch em ica l  p ro p e r t i e s  o f  all the sam ples  o f  Survey  2 may be 
found  in A p p e n d ix  1.
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H aving  d iv id ed  the  da ta  se t  o f  Survey  2 on the  basis  o f  226R a / 238U 
d i s e q u i l i b r iu m  re la t ive  to the  average  va lue  for the  va l ley  o f  1.71 
( c a lcu la t e d  from the  data  set  o f  Survey  1), an ana lys is  o f  the  da ta  
p e r t a in in g  to ch em ica l  c o n d i t io n s  was c o n d u c te d .  On the basis  o f  a 
Mann.-Whitney  tes t ,  the  only  ch em ica l  paramete r,  that. is. s ig n i f ic an t ly  
d i f fe ren t  b e tw een  the  two g roups  is m o is tu re  con ten t .  Sam ples  w h o se  
ra tios  lie b e lo w  1.71 va lue  co n ta in  an av e rag e  o f  80 .1% m ois tu re ,  
s am ples  w hose  ra tios  are ab o v e  1.71 c o n ta i n in g  an av e rag e  o f  65 .5%  
m ois tu re .  W hile  th i s .d i f f e re n c e  does  not.seem_great,  the  s i t u a t io n r n a y  be 
c la r i f ied  by rem o v in g  sam ples  from Si te  F (which  does  no t  lie s t r ic t ly  
w i th in  the  e n r i c h ed  area)  which  red u ces  the  average  m o is tu re  c o n te n t , o f  
s am ples  with  ra t ios  above  1.71,  to 60%. The  m o is tu re  c o n te n t  o f  sam ples  
w hose  ra tio  is beLow 1.71 is th e re fo re ,  on average ,  some. 33% grea te r
i
than  for s am ples  with  ra tios  ab o v e  1.71. Th is  d i f fe rence  in m o is tu re  
co n ten t ,  m os t  p ro b ab ly  re la ted  to the  p o s i t io n s  o f  the  sam ples  re la t ive  to 
the  C lo g h e r  Burn  s t ream and its a s s o c ia te d  d e p re s s io n s  (see  F i g . 54 ), 
ra ises  two poss ib i l i t ie s . .  The- f i rs t  is that ,  loss  . of. u r a n i u m . from_ the
2 2 6  2  3 8e lev a ted  R a / U sam ples  has o ccu r red  for som e  reason  re la ted  to the  
m o is tu re  level o f  the  soil ,  or s eco n d ly ,  tha t  e n r i c h m e n t  o f  th e se  s am p les  
with u ran ium  neve r  took  place .  The s eco n d  h y p o th e s i s  a s sum es  tha t  
ini t ia l  e n r i c h m e n t  o f  the  s am p les  with  u ran ium  to o k  p lace  via sa tu ra t ion  
o f  the  s o i l .w i th .u ra n iu m  .bear ing .stream, water.
The s eco n d  h y p o th e s i s ,  tha t  e n r i c h m e n t  o f  the  soil  neve r  o c cu r red  due to 
the  p o s i t i o n in g  o f  the  soil  re la t ive  to the  s t ream , seems un l ike ly  for a 
n u m b e r  o f  reasons .  226Ra is c o n s id e re d  im m o b i le  in the  su r f ic ia l  
e n v i ro n m e n t  and is un l ike ly  to have, re ach ed  the levels  d isp layed  in . the
soil  by any o th e r  m eans  than  ing row th  from 2o8U. T h e re  is no e v id e n c e  o f
226  ^e n r i c h m e n t  o f  Ra in the soil  via p re fe re n t i a l  l e ac h in g  o f  the  n u c l id e
from the  u n d e r ly in g  rock , n o r  is the re  any real e v id e n c e  for the
e n r i c h m e n t  o f  the  n u c l id e  via p lan t  cy c l ing  (see  sec t io n  4.3 . 1 ) .  Tt is a lso
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un l ik e ly  tha t  the  sam ples  w hose  ra tios  are ab o v e  1.71 a lways  co n ta in ed  
the  same a m o u n t  o f  mois tu re ,  that, they do now, the  d e p t h  of . the ,  soil 
hav ing  in c re a se d  o v e r  t ime.
The  init ia l ,  hy p o th es i s , ,  tha t  s am ples  p re v io u s ly  e n r i c h ed  with  u ran ium ,  
via  s a tu ra t ion  with  u ran ium  b ea r ing  s t ream wate r ,  u n d e rw e n t  a 
s u b s e q u e n t  loss, o f  uranium,,  seem s  m o r e J ik e l y .  T h e .p re v io u s  d i s c u s s io ni
has in d ic a ted  tha t  s ta t i s t i c a l  e v id e n c e  po in ts  to a loss  o f  u ran ium  from 
the  lab i le  frac tions ,  o f  the  soil.  The  m os t  o b v io u s - s i t u a t i o n  tha t  w ou ld  
re su l t  in such  a loss  is a change  in e i the r  the  source  o f  u ran ium  to the  
soil, an d /o r  a. change, in . the  ch em ica l  c o n d i t io n s  o f  the  soil, a f fec t in g . th e  
ab i l i ty  o f  the  soil  to re ta in  u ran ium .  The  m os t  s ig n i f ic a n t  im pac t  on soil  
u ran iu m  ch em is t ry  tha t  a d rop  in. the  water, c o n te n t  - o f  the soiL w ould  
have  is a c h an g e  in the  redox  s ta tus ,  a r e d u c t io n  in water  c o n te n t  
in c re a s in g . th e  o x id a t iv e  n a t u r e . o f t h e  soil .
The scena r io  o f  loss  o f  u ran ium  from p re v io u s ly  e n r i c h ed  pea t  r e su l t in g
22 6 23 8in e leva ted  Ra/  U ra tios  is well  su p p o r te d  in the  l i te ra tu re .  The^loss 
of. u r a n iu m  from organic ,  m ate r ia l  via ox ida t ion ,  has been  p re v io u s ly
226 23 8repo r ted  as c au s in g  Ra/  U d i s e q u i l ib r iu m  in pea t  bogs  by Z ie l in sk i  
el a l , (1 9 8 6 )  and L e v in so n  et a l  (1984) .  The ca teg o r ica l  s ta t em e n ts  o f  
Iv a n o v ic h  and H a r m o n  (1.992),_that  s ec u la r  d iseq u i l ib r iu m ,  ari ses ,  as a 
r e su l t  o f  loss  o f  u ran ium  re la t ive  to im m o b i le  d a u g h te r  n u c l id e s ,  is well 
s u p p o r te d  by the. re su l t s  o f  th is  study.. O th e r ,  p roposed ,  p ro c e s s e s
i 226 23 8 *  'r e su l t in g  in e lev a ted  R a /  U ra tios  (p lan t  e n r i c h m en t ,  d e p o s i t io n  etc.) 
are not in a c c o rd a n c e  with  the re su l t s  o f  th is  pro jec t .
4^3.3..  S u m m a r y
B ase d  on the  re su l t s  o b ta in e d  in th is  s tudy, the  m os t  l ike ly  c a u s e . f o r  
a n o m a lo u s  226R a / 23*U d i s e q u i l ib r iu m  ap p ea rs  to be loss o f  23*U. Sam ples
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w h o se  R a / U 226 average  rem ains  c lose  to or less than  the  average  va lue  
for the so il s  o f  the  va l ley  d isp lay  a p p re c i a b l e  levels  o f  238U in the  lab i le  
f r ac t ions  w hereas  those,  exh ib i t ing ,  e lev a ted  ratios,  typ ica l ly  d isp lay  a 
lack o f  238U in th e se  f rac t ions .  The  c o n c e p t  th a t  ra tios  are e lev a ted  due  
to loss o f  238U is su p p o r te d  by the  fact  tha t  226R a / 238U ra tios  are h ig h e s t  
in the  m ore  o x id i s in g  sur face  layers  o f  the  p ro f i le s  where  loss  o f  
u ran ium ,  as the  more  s o lu b le  h e x a v a le n t  U6+, is m os t  l ikely .  U ran iu m  
los t  in th is  m an n er  from the  u p p e r  layers  is u n l ik e ly  to be r e p le n i s h e d  as 
the  th e se  levels  only  undergo, p e r io d ic  sa tu ra t ion ,  with.  the. water, tha t  is 
the  m os t  l ike ly  source  o f  the  u ran ium  in the  d ep re ss io n .
The  loss o f  u ran ium  is su p p o r te d  by the  fact  tha t  a c o m p a r i so n  o f  
226R a / U 226 ra t ios  w i th  the  ra tio  228R a / 228U in d ic a te s  a loss  o f  u ran ium ,  
re la t ive  to the  im m o b i le  232Th, has o ccu r red  in sam ples  d i sp la y in g
2 2 6  2  3 8e lev a ted  R a /  U ra tios.  E v id e n c e  p ro v id ed  by the  p rev ious  d i s c u s s io n  
is su p p o r te d  by the  resu l t s  o f  th e . sp e c i a t i o n  ana lys is  w h ic h . in d ic a te  tha t  
c o n d i t io n s  p e r t a in in g  in the  uppe r  layers  o f  the  p ro f i l e s  w i th in  the  
d e p re s s io n ,  are c o n d u c iv e  to the loss o f  u ran iu m  via.  o x id a t io n  to. the 
h e x av a le n t  s ta te  and s u b s e q u e n t  loss in so lu t io n .  The  h y p o th e s i s  tha t  
e lev a ted  ra tios  are as. a re su l t  .of the. pea t  n o t  b e ing  e n r i c h ed  by  u ran iym  
in the  fi rs t  p lace  are  no t  su p p o r te d  by the  e v id e n c e  y ie ld ed  by this study.  
The  mos t  o b v io u s  p ro b le m  w i th . . su ch  a th eo ry  is the,  p r e s e n c e ^ o f  
s ig n i f ic an t  am o u n ts  o f  226Ra in layers  with  h igh  ra tios .  G iven  the  
re la t ive  im m o b i l i ty  o f  226Ra, it appea rs  tha t  much  o f  the  rad ium p re sen t  
in th e se  layers  mus t ,  have  a r i s e n  via ingrowth , from, an in it ia l .  le.veL.pf 
u ran ium.  As the  pea t  o f  the  u p p e r  layers  o f  the p ro f i le  m us t  have,  at 
some, p o in t  in the  p a s t , . been, at a low er  level than it is. a t  presen t,  and  
w ould  th e re fo re  have  b een  in a s im i la r  p o s i t io n  to the  low er  levels  o f  
Site E, i.e. u n d e rg o in g  u ra n iu m _ e n r ic h m e n t .  as a re su l t  of. c o n t in u o u s
i
sa tu ra t io n  with  u ran ium  b ear ing  w ater  in a r e d u c in g  en v i ro n m en t .
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6 . 0  C O N C L U S I O N S
The resu lt s ,  o f  th is  p ro je c t  may be. s u b d iv id e d  in to  two d is t inc t ,  g roups ,  
those  p e r t a in in g  to the d i s t r ib u t io n  o f  the  r a d io n u c l id e s  w i th in  the valley 
and those  re la t in g  to the  m o d e  o f  o c c u r r e n c e .o f . th e . r a d io n u c l id e s ,  w i th in
i
the  areas  o f  e n r i c h m e n t  w i th in  the  valley .
The  d i s t r ib u t io n  o f  u ran ium  and tho r ium  se r ie s - r a d io n u c l id e s  w i th in - the
I
va l ley  is la rgely  g o v e rn ed  by the  u n d e r ly in g  l i tho logy ,  average  238U soil  
leve ls  are g rea te r  than  the  leve ls  in so i ls  u n d e r l a in  by m e ta se d im e n t s  by 
a f ac to r  o f  4.6 w i th in  the  g ra n i te  reg ion ,  average  226Ra levels  are g rea te r  
by a fac to r  o f  4.9 and  228Ra (232Th)  by a fac to r  o f  1.3. S ta t i s t i c a l  
ana lys is  conf i rm s  tha t  a s ig n i f ic a n t  d i f f e r en ce  ex is t s  b e tw een  soil  
r a d io n u c l id e  levels  in . th e  g ran i te  r e g io n  and  soil  r a d io n u c l id e  levels  in 
the  reg ion  und e r la in  by the  m e ta se d im e n ts .  As no c o r re la t io n  is o b se r v ed  
between,  any soil  p ro p e r ty  l ik e ly  to exer t  an. e f fec t  on so i l . rad ionucLide  
levels  and any  o f  the  r a d io n u c l id e  a c t iv i t i e s ,  it  mus t  be a s su m ed  tha t  
g eo logy  is the c o n t ro l l in g  factor,  g o v e rn in g  the  level, o f  these  
r a d io n u c l id e s  in ' the  soil  o f  the  C ro n a m u ck  Valley .  Th is  a s s e r t io n  is fully 
s u p p o r te d  by the resu l t s  o£  a. d e ta i l ed  g e o s ta t i s t i c a l  analysis , ,  the - f ina l  
o u tc o m e  o f  w hich  was the  p r o d u c t io n  o f  i so p le th  maps  o f  r a d io n u c l id e  
leve l s  w i th in . the  valley.  These  maps  h ig h l ig h t  the  s t rong  level  o f  co n t ro l  
exer ted  by the u n d e r ly in g  g e o lo g y  and serve  to d e m o n s t r a t e  the r e la t ive  
im m obi l i ty ,  of. r ad ium  and th o r i u m  re la t ive  to uran ium.  in_ tljiis
i
en v i ro n m en t .  The  maps a lso  s u p p o r t  the  f in d in g s  o f  p rev io u s  s tud ie s  into
the  o c c u r r e n c e  of. n a t u r a L r a d i o n u c l i d e s  in th is  loca l i ty  and the. resu l ts1
c o n c u r  with  o the r  r e s ea rc h  d one  in to  the  o c c u r r e n c e  o f  u ran ium  and 
t h o r i u m  ser ies  r a d io n u c l id e s . i n  peat.
On a s m a l le r  sca le ,  it may be seen th a t  w a ter  f low  and d ra inage  pa t te rn s  
w i th in  the valley  exer t  a level  o f  c o n t ro l  over,  the r a d io n u c l id e s
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d is t r ib u t io n . .  E v id e n c e  is p ro v id e d  by the  reg ions ,  o f  e leva ted  
ra d io a c t iv i ty  at the  d e e p e s t  par ts  o f  the  va l ley ,  and by the o c cu r re n c e  o f  
the. h ig h e s t  levels ,  in^areas a s s o c i a t e d  with  w a ter  sa tura ted ,  dep re s s io n s .  
The. m a jo r  so u rces  o f  water  to t h e se  d e p re s s io n s  appea rs  to be small  
d ra inage,  s t ream s  d r a in in g . th e  g ran i te  r e g i o n  o f  .the. va lley ,  .Transport^by 
w ater  is r e s p o n s ib l e  for the one  e n r ich ed  reg ion  not ly ing  on the  g ran i te  
tha t  was e n coun te red ,  in. th is ,  study.. This,  conc lus ion ,  was based_^on 
e x am in a t io n  o f  the c o n to u r  maps in re la t ion  to the  to p o g ra p h ic a l  fea tu res  
o f  the.  va l ley  a n d . th e  l ike ly  d ra inage  pa t te rn s .
The resu l t s  o f  the g e o s ta t i s t i c a l  survey  in d ic a te  tha t  soil  levels  o f  na tu ra l  
r a d io n u c l id e s  are a m en a b le  to this, f o r m  o f  analys is , ,  a _high_ degree_,of 
spat ia l  co r re la t io n  hav ing  b e ing  e x h ib i t e d  by all the r a d io n u c l id e s  
s tudied . .  G e o s ta t i s t i c a l  p ro c e d u re s  a p p l i e d  to the  p ro b le m  o f  spa t ia l  
ana lys is  o f  na tu ra l  r a d io n u c l id e s  offer s ig n i f ic a n t  a d v an tag es  over more
t rad i t io n a l  es t im at ion ,  p rocedures , ,  re su l t s  o b ta in e d  in th is  s tudy
i
in d ic a t in g  tha t  the e s t im a t io n  p r o c e d u re  know n  as k r ig ing  s ig n i f ic a n t ly  
ou t -p e r fo rm s  a n u m b e r  o f  o th e r ,  es t im at ion ,  p r o c e d u re s  . ove r  a. w ide  
var ie ty  o f  p a ram ete rs  tha t  may be used  to t e s t  e s t im a t io n  e f fec t iveness .  
The., s m o o th in g  effect ,  o f  the  k r ig ing  p rocess ,  t e n d s  to produce. ,  lo.w 
e s t im a te s  for h igh  va lues  and vice  versa.  Th is  fea tu re  may tend  to l imit  
the  u se fu ln ess ,  o f  the  t e ch n iq u e ,  as. a means, o f  id en t i fy in g  a r e a s ^ o f  
e leva ted  r a d io a c t iv i ty  on a la rger  sca le  or du r ing  surveys  d e s ig n e d  to 
ensure  c o m p l ia n c e  w i th  re g u la to ry  c o n t ro l s ,  bu t  on  the  . sca le  of. the 
p ro je c t  w hose  re su l t s  are r e p o r t e d  here ,  the  t e c h n i q u e  does  e x h ib i t  
a d v an tag es  in re la t ion  to the  r e l i a b i l i ty  o f . the  ult imate ,  ou tput .  M any  o f  
the  p rob lem s  a s so c ia t e d  with  the  im p le m e n ta t io n  o f  g e o s ta t i s t i c a l  
p ro c e d u re s  may be a v o id e d .b y  e x a m i n a t i o n  of . the  data  p r io r / to  ac tu a l ly  
car ry ing  out the  e s t im at ion .
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F u r th e r  work  su g g es te d  by the  resu l t s  o f  Survey  1 cen t re s  on the  
r e d i s t r i b u t io n  o f  r a d io n u c l id e s  w i th in  the peat via w a ter  f low. The 
n iov em en t  o f  u ran ium  and th o r iu m  se r ies  r a d io n u c l id e s  as a re su l t  o f  
w a ter  f low  within., peat .  has. no t been  covered,  in. any d ep th  in__ the  
l i te ra tu re .  The re su l t s  o f  th is  p ro je c t  su g g es t  tha t  d ra inage  o f  wa ter  
f low ing  o f f  the  g ran i te  reg ion  may re su l t  in t r a n s p o r t  o f  r a d io n u c l id e s  
away from the  g ran i te  reg ion ,  c au s in g  e n r i c h m e n t  o f  peat u n d e r la in  by a 
litholog.y no t  u sua l ly  a s so c ia t e d  with  h i g h  soil  r a d io n u c l id e  le.vels.._T,he 
p ro c e s s e s  in v o lv e d  in  th is  t r a n s p o r t  are w or thy  o f  fu r the r  s tudy  g iven  the  
fac t  tha t  p re d ic t io n  o f  in d o o r  radon levels  is of ten  re l i an t  on id en t i fy in g  
l i th o lo g ie s  tha t  c h a r a c te r i s t i c a l ly  e x h ib i t  high levels  o f  uranium. This  
s tudy  has sh o w n  tha t  water, t ranspor t ,  o f  r a d io n u c l id e s  may cause,  soil  
ove r ly in g  a n o n -u r a n i f e ro u s  rock  type to b e co m e  e n r ich ed  in the  
r a d io n u c l id e s  tha t  u l t im a te ly  g ive  rise to in d o o r  radon.
G e o s ta t i s t i c a l  p ro c e s s e s ,  c o m b in e d  with  surveys  o f  r a d io n u c l id e  leve l s ,  
may p rov ide  some in s ig h t  in to  the  n a tu re  o£ w ater  m o v e m e n ts  w i th in  
pea t  bog  areas .  This  s tudy  has  shown tha t  e n r i c h m e n t  o f  r a d io n u c l id e s  is 
a s so c ia te d  with  water  f low p a t te rn s  in the pea t  and it may be p o s s ib le  to 
map water  f low  us ing  u ran ium  ser ies  r a d io n u c l id e s  as an in d ic a to r  o f  
fLo.w pa t te rns .
B ased  o n  the. re su l t s  o f . th e  s tudy ,  it is r e a so n a b le  to sugges t  t h a t  the 
redox c o n d i t io n  o f  the  soil  exer ts  a s t rong  in f lu en c e  over  the 
a c c u m u la t io n  o f  u ran ium  and tho r ium  se r ies  r a d io n u c l id e s .  The 
a s so c ia t i o n  o f  areas  e x h ib i t in g  the  h ig h e s t  levels  o f  r a d io n u c l id e s  
e n c o u n te r e d  in. the  s tudy  are a s so c ia t e d  with, h eav i ly  sa tu ra ted  areas, o f  
soi l  with  c o r r e sp o n d i n g ly  low  Eh va lues ,  in d ic a t in g  the  r e d u c in g  
c o n d i t i o n s  u n d e r  which  u ran ium  is leas t  mobi le .  The  resu l t s  o f  the
l
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s p e c i a t i o n  a n a l y s i s  i n d i c a t e  t h a t  in t h e  o x i d i s i n g  u p p e r  l a y e r s  o f  t h e  s o i l ,
u r a n i u m  is  l o s t  f r o m  t h e  l a b i l e ,  f r a c t i o n s  w h i c h  c o n t a i n  h i g h  l e v e l s  o f
u ran iu m  in the  lower,  m ore  re d u c in g  b o t to m  layers.  It is th is  loss  o f  
uranium, f r o m  the  lab i le  f r ac t io n s  tha t  gives,  r ise  to. the  e leva ted  
226R a / 238U ra tios  o b se rv ed  in the  samples .  226Ra is no t  a s so c ia te d  with  
the  lab i le  f r ac t io n s  o f  the  so il ,  a p p ea r in g  to res ide  in the u n d e ca y e d  
p lan t -m a te r ia l .  228Ra, and by in fe ren ce ,  232Th- leve l s  are even ly  d iv ided  
between..  lab i le . an d  non - lab i le .  f rac t ions .  The. s tudy  conf i rm s  . the .w idely  
a c c e p te d  im m ob i l i ty  o f  rad ium  iso to p es  in the  su r f ic ia l  env i ronm en t .
The  b e h av io u r  o f  226Ra in re la t ion  to the  p r o c e sse s  g o v e rn in g  its 
d i s t r ib u t io n  b e tw ee n  d i f fe ren t  so i l  phase s  r e m a in s - u n c l e a r .T h e  d i spar i tyi
o f  its b e h a v io u r  re la t ive  to 238U is w or thy  o f  fu r th e r  inves t ig a t io n .  The  
p re c i se  lo ca t io n  o f  226Ra w i th in  the  soil  f r ac t ions  has no t  been  id en t i f i ed  
by th i s . s tu d y  and w o rk . rem a in s  t o .b e .d o n e  on t h e . mo.de.o f .o c c u r r e n ce  o fi
th is  r a d io n u c l id e  in o rgan ic  soil s .  F u r th e r  work  is a lso req u i red  with 
r e s p e c t  to the  m ode  o f  t r a n s p o r t  o f  226Ra from the  lab i le  phase s  o f  the  
soil., (with  wh ich  its pa ren t ,  238U, is a s s o c ia t e d )  to the  n o n - la b i l e  
f r ac t ions  w here  it is found  in g rea te s t  q u an t i t ie s .  The  b e h a v io u r  o f
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n u c l id e s  in t e rm ed ia te  in the  decay  chain  between- U and Ra, such  as 
230Th, a lso warran ts  further, a t t e n t io n ,  as it may be the  b e h a v io u r  o f  these  
n u c l id e s  tha t  u l t im a te ly  d e te r m in e s  th e  loca t ion  o f  226Ra w i th in  the  soil .  
A l th o u g h  the  effec t  o f  redox  c o n d i t io n s  on the  o c c u r r e n c e  o f  2j8U has 
b e en  w e l l .d em o n s t r a te d .b y  th is  s tudy ,  the  re su l t s .a t .hand  y ie ld  no ins igh t  
into the  p re c i se  m e c h a n i s m s  in v o lv ed  in the  a s s o c ia t i o n  o f  u ran ium  with  
e i th e r  o rgan ic  m a te r i a l .o r  amorphous^  i r o n  oxides .
This  s tudy  h ig h l ig h t s  the  lo c a l i s e d  o c c u r r e n c e  o f  areas  o f  e leva ted  
ra d io a c t iv i ty  in the  pea t  overlying,  the  s tu d ied  par t  o f  the. B a r n e s m o re  
granite .  The  resu l t s  a lso  in d ica te  the v u ln e ra b i l i ty  o f  th e se  areas  with  
respect,  to changes  in . the  redox  c o n d i t io n s  and the  ability, o f  the  p e a t nto 
re ta in  the a c c u m u la t e d  r a d io n u c l id e s :  O f  co n ce rn  is the  p o te n t i a l  r e lease  
o f  t h e .a c c u m u la te d  ra d io n u c l id e s  as a re su l t  o f  redox  changes  b ro u g h t
I
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a b o u t  via  the  ac t iv i t i e s  o f  the  fo res t ry  c o m p an ies  c u r ren t ly  in v o lv ed  in 
the  a f f o re s t a t io n  o f  many u p la n d  bogs. . The  e f fec t  o f  bog. dr.ainage^on 
u ran iu m  s inks  in u p la n d  I r ish  bogs  has no t  been  a s s e s sed  p re v io u s ly  in 
th is  co u n t ry  and. requires ,  in v e s t ig a t io n ,  for. a n u m b e r  o f  reasons .  This  
s tudy  only  in v e s t ig a te d  a smal l  p o r t io n  o f  the  B a r n e s m o re  g ran i te  and it 
is., p ro b a b le  th a t ,  there ,  are a large, number ,  o f  enr iched , areas  o f  pea t  
( p o s s ib ly  e x h ib i t in g  a much  g rea te r  level o f  e n r i c h m en t )  w i th in  the  
g r e a t e r  g ran i te  region. It is there fore ,  p ro b a b le  tha t .a  s ig n i f ic a n t  am o u n t  
o f  u ran iu m  (and a s so c ia te d  d au g h te r s )  are  v u ln e ra b le  to re lease  from the 
pea t  via changes  in r e d o x .c o n d i t io n s  as a r e su l t  o f  d ra inage  and ae ra t ion  
o f  the  peat .  The u l t im a te  d e s t i n a t io n s  for such  n u c l id e s  once  re leased  
are the  num erous ,  water  c o u r s e s .d r a in in g  the. B a r n e s m o re . r e g io n .  Giv,en 
the  p r e d o m in a n c e  o f  p r iv a te  water  s u p p ly  s ch em es  in the area,  it is 
feas ib le  tha t  the. rad io log ica l ,  qua l i ty  of. such, w a te r  s u p p l ie s  may _be 
d eg rad ed  shou ld  a la rge  sca le  re lease  o f  r a d io n u c l id e s  occur .  Of  
secondary,  co nce rn  is th e .u se  by the . lo .caL .popula t ion  o f  peat drawn.fr_(|m 
these  areas  as a sou rce  o f  d o m e s t ic  fuel .  F u r th e r  work  shou ld  th e re fo re  
c o n c e r n  i t s e l f  with  an. a s s e s s m e n t  o f  the. r a d io lo g ic a l  r isk posed ,  to the  
local  p o p u la t io n  by p o s s ib le  r e leases  o f  r a d io n u c l id e s  from the  “ s i n k s ” 
d e sc r ib e d  in th is  .s tudy a n d .b y  the. abs t rac t ion .  o f  peat ,  f r o m . th e se  areas  
for d o m e s t i c  uses.
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A PPE N D IX !.
No. Easting. Northing. 228Ra. 2260Ra. 238U. 40k . 137Cs.
1 750- 3770 16.0 25.3 18.0 468:8 5.7 !
2 270 2820 12.4 18.74 10.4 440.5 21.6
3 950 2780 31.0 75.0 23.0 636.5 150.6
4 . 1050 : 2800.' 31.0 7 . J . 7 2 ; 0 " 34.0:. . 675D., . 3.6 ..
5 1580 2770 .35.0 43.0 38.1 700.1 3 . f '
6 ; 570 2160 ' '28:0. . ■ 111.0 7 • 95.0: '■ 990.0: 3 0-.;..
... 7. -- 50 1870 34.2 • ; •. 226.0. 87.9, . 824.3 , ; 6.9
8 800 2080 30.6 ; 238 0 : 110.1 752.5 31. 6
9 . 1190 1870 22.6 • •: 421,5- 75.9 434.2.;; • ' 21:7.. :
. 10 1040 1390 .46.0 . .258.0;... . 152.0 . 1012.0 ' <0.5 \
11 1240 650 - .38.75 . . . 279.0 J .. 132,7 932,5 . 7 5 - .
: 12 1310 390 ; .41.0 , ; :243.0 - • 118.4 899.7 • 8.7 .
13 830 . 140 36:9:' 262.0.;, 136.8 . 1015.1 ; 13.0 I
14 920 340 52.4:.. ; 399.8 153.6 868.2 .5.5 .;: '
15 1130 3830 35.4 72.0 21.0 644.7 69.3
16 2390 3660 25:2- ■ 32.4- ■ -24.5 ■ 480.3 - 3.9 -
17 1500 3850 32.5 34.6 23.8 593.7 4.5
. 18. .1270 ; 1520 ■ 80.1 : 353.6. • 746.0 ; ' : 470:9 • ; 119-.
19 2710 3770 ’ 3.2 12 1 .5.0 83.0 8.5
20 2170 3620 30.4 36.4 29.0 639.0 6.0 ’
21 3090 1140 47.4- 25.2“ 34.5 ■ 1088:1 ' 1.9 1
22 2780 2960 39.0 52.9 29.0 889.0 29.5
23 2300 2380 24.7 47.0 25.6 521.6 9.7
24 3000 2300 41.2 43.0 58.7 960.3 55.5 ^
.; .'25; ■ 1690 1740 ; -. 39.0 . ..; 373:p .132.3 364.1 ; 61.4.:
26 2380 1490 60:4 295.0 135.0 432.5 • 3,7,
27 3840 1670 135.0 145.5 103.0 696.0 9.0
28 3360 1660 95.0 84.0 29.0 100.2 9.0 "
29 2400 330 33.2 13 7 25.0 416.6 20.1,
30 2950 250 29.7 19.9 19.8 217.5 13.8-
31 3590 3700 . 25.7- 29.9. 30.1 -427.2 - 4.2-
32 3810 3680 24.6 24.4 30.0 611.2 1.1
33 3600 3510 33.9 ' 44.0 30.0. 633.9 50.2 1
34 3180 3200 19.4 22.0 16.6 564.2 40.3
35 3300 2730 3.5 7.0 5.4 33.9 7.6 -
36 3450 2100 30.7 21.0 • 36.2 288.1 - 5.2 „
37 3380 2410 9.2 14.0 11.1 8.1 8.5
38 3850 2190 5.3 4.0' • 2.7 156.9 0 .7-
39 4840 3110 25.6 29.0 20.1 562.0 21.8
40 4030 960 56.3 132.0 91.8 597.0 9.9 !
41 3400 960 . 92.0 393.0 • 546.0 90.1. ' .2.5..,
42 3200' 560 30.4 58.8 35.7 - 648.9 3.9
43 4770 3930 ’ 28.3 44.0 19.1 580.4 1.98'
44 2540 1940 25.3 50.4 . 28.7 540.6 12,5
45 4730 3750 27.7 52.2 21.4 516.7 1.3 .
46 4600 3600 28.4 47.0 18.0 566.3 178.7.
47 4180 2080 14.2 15.2 20.4 368.2 7.4
48 4780 950 21.7 46.5 34.6 705.1 9.6 "
49 4310 1440 5.1 8.4 3.6 29.9 6.0
50 4780 1620 35.5 48.0 27.5 632.0 1.9
51 4150 1130 49.4 65.0 46.7 783.0 1-1. K
52 4390 500 19.6 25.8 17.0 302.1 18.2
53 4630 430 43.4 70.80 96.9 325.2 8.7
54 1850 1550 : ii7 ;3 ,;479.o ; 788:1 162 .0 - ; ■ J7-3
55 650 3500 ‘ . 26.8 81.1 57.0 385.3 8.9
. • : 56 'T: ' . . 800 . . 2560 \ 24.0 48.5 33.0 ,4 5 9 '0 : -;
57 2140 1700 8.3 12.5 9.2 86.8 22.4 ’■
58 150 3570 14.5 20.4 18.9 446.0 26.3"
59 .. 390 . 2640 9.7. . .11.9 7.7 100.6 5.2
60 2650 3380 ' 45.5 54.9 31.83 739.5 1.4 '
Table  i. Spatia l  co -o rd in a te s  and rad ionuc l ide  va lues  for soil 
samples . .. o f  Survey 1. Shaded  cells deno te  samples  taken  from the 
gran i te  region o f  the C ronam uck  valley dur ing Survey 1 (on-p lu ton) .  
C o-o rd in a te  values  in mete rs ,  r ad ionuc l ide  va lues  in B q /kg  dry weight.
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Win, No. 228Ra S.D. 226 Ra S.D. 238 U S.D. 40 K S.D. 226Ra/238U S.D.
1 50.83 27.79 329.4 87.27 252.3 272.5 698.3 309.0 2.24 1.40
2 48.00 28.27 282.4- 145.4 217.0 261-. 3 591.2 334:4 1.99 1.37
3 45.14 29.23 233.1 168.4 196.9 271.4 497.4 303.0 1.85 1.38
4 . 52.55 34.51 164.0 181.2 162.1 259.0 377.0 304.3 1.48 0.86
5 55.67' 39.77 109.8 131.8 96.59 162:9 431.7 325.1 1.13 0.73
6 53.20 39.11 91.64 109.4 86.89 155.2 463.0 339.1 1.53 0.65
7 47.08 38.97 82.03 102.8 76.15 144.2 461.8 339.7 1.62 0.61
8 48.51 30.7 304.2 112.9 257.7 288.9 660.2 309.2 2.13 1.52
9. 45.07 30.87 260.6 150.4 218.3 275.1 559.9 320.5 2.00 1.37
10 46.26 32.33 256.8 165.8 222.5 291.7 495.7 291.4 2.04 1.42
11 47.76 34.13 145.8 171:2 143.8 240.7" 4070 340:6 1/47 ' 0.81
12 39.16 30.12 87.33 123.7 79.37 150.9. 410.1 355.8. 1.43 0.69
13 43.74 37.61 72.35 98.53 71.01 134.5 443.8 345.6 1.38 0.64
14 46.99 39.28 78.82 104.6 75.75 144.4 416.9 343.5 1.47 0.64
15 34.85. 28.04 . 187.5 169.4 128.9 213.1 566.9 295.9 . 1.99 L28
16 37.94 28.38 195.6 169.4 134.2 ‘211.9 539.9 286.7 1.94 1 28
17 41.71 28.60 188.6 178.7 222.6 554.8 307.6 1.95 1.35 0.64
18 41.14 31.99 110.5 153.0 97.21 202.9 441.1 358.9 1.50 0.76
19 40.38 38.24 61.65 79.96 39.08 39.08 446.3 372.9 1.49 0.64
20 38.48 38.55 41.20 40.01 31.46 27.33 457.1 390.0 1.42 0.67
21 39.12 42.02 39:75 43.60 29.10 ■ 28.57 380.4. 366.6 1.44 0.69
22 34.85 28.04 187.5 169.4 128.9 213.1 566.9 295.9 1.99 1.28
23 35.90 28.82 186.6 174.4 134.1 222.2 549.6 298.8 1.92 1.34
24 39.45 27.95 166.1 179:5 124:1 224.9 572.9 305.6 1 91 1.3-5
25 37.36 31.86 92.63 144.2 88.25 203.8 417.9 316.2 1.51 0.71
26 36.32 38.02 42.41 38.61 29.44 26.67 421.3 328.8 1.50 0.57
27 37.98 41.09 41:73 42.05 30.98 28.57 418.6 336.7 1.39 0:64i
. 28 37.34 43.29 38.97 44.22 27.20 28.62 340.9 260.3 1.42 0.62
29 22.95 9.83 53.44 67.24 29.76 29.7 517.0 183.6 1,68 0.69
30 27.27 6.20 61.85 61.19 36.06 27.03 564:4- 113.0 1.66 0.65
. 31 30.21 10.88 42.14 15.47 28.22 13.58 614.3 238.9 1.71 0.76
32 25.35 12.92 31.80 15.14 25.42 14.49 491.7 306.9 1.4 0.48
33 23.43 12.76 29.21 15.81 24.09 14.41 461.9 294.5 • 1.36 0.48
34 21.95 13.80 25.96 16.27 23.28 15.51 435.0 313.4 . 1.28 0.52
35 19.69 10.88 25.62 16.45 18.82 10.90 368.0 238.8 1.51 0.69
Table  ii. Summary  s ta t is t ics  for moving windows analysis.
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No. Actual Value Kriging. Triangulation. Polygonal. Inv.Dist.2.
1 25:3 70.0 45.1 81.1 66:2 ,
2 18.7 29.3 4.9 11.9 27.4
y 75.0 62.7 17.6 72.7 65i5"“ \
' 4 72.0 76.6 73.2 75.0 69.7
5 43.0 103.0 60.3 72.7 69.3
6 111:0- 172.3- 177.7 283.3 170.2-,
7 . 226.0 131.3 131.6 111.0 111.5
8 238.0 194:7 131.6 111.0 75.9 "
9 421.0 281.6 131.6 353.6 315.0
10 258.0 337.7 304.4 353.6 360.0
11 279.0- 288.7 • 313.8 243.0 •• 292.3-,
12 243.0 276.4 293.7 279.0 310.4 ‘
13 262.0 251.0 n/a 399.8 365.5 ^
14 399.8 260.5 239.1 262.0 260.2
15 72.0 35.1 49.4 81.1 36.9
16 32.4 • 32.8. 48.6 36.4 . 35.3 ■ -,
17 34.6 58.0 n/a 72.0 60.7
18 353.6 356.6 403.7' 258.0- 336.2 “
19 12.1 37.3 n/a 32.4 39.1
20 36.4 36.2 41.8 32.4 33.1
21 25.2 250.9. 199.2 . 393.0 . 314.9...
22 52.9 38.7 38.4 54.8 32.9 J
23 47.0 50.5 48:7 8.9 24.6
24 43.0 34.4 28.9 14.2 22.6
25 373.0 362.1 414.5 479.0 . 372.9
26 295.0 • 64.2- • 29.8 12.5. 138.2—
27 145.5 60.0 45.1 84.0 29.0
28 , 84.0 - 108.8 148.6 '21.4 ' 63.5 "
29 13.7 117.7 112.5 19.9 146.0
30 19.9 44.4 n/a 58.8 81.4 ;
31 29.9 33.1 n/a - 44.0 35:5- -i
32 24.4 36.5 37.1 29.9 20.9 1
33 44.0 26.8 33.5“ 29:9 27.9- -
34 22.0 35.8 48.5 52.9 39.5
35 7.0 23.5 39.5 ,14.2 27.0
36 21.0 40:4 38:1 . 14.2 28.3 ...
37 14.0 14.3 12.3 21.4 19.9
38 4.0, 32.6 15.4 15.2 37.1 ^
39 29.0 25.3 24.9 44.0 32.5
40 132.0 115.8 131.7 65.9 105.9 :
41 393.0 64,3 65.1 25.2 38.9...
42 58.8 152.8 44.3 19.9 121.0 :
43 44.0 48.8 n/a 52.2 50.3' '
44 50.4 76.5 24.9 292.0 104.9
1
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45 52.2 45.3 n/a 44.4 45.0
46 47.0 46.0 48:7- 52.2 48.5— ,
47 15.2 35.0 77.2 4.6 39.4
48 46.5 50.1 n/a 70.9 40.9
49 8.4 66.5 95.3 65.9 . . 71.8_ _
50 48.0 20.6 n/a 8.4 25.5
51- 65.0 94.0 116:6 132.6 ■ 113.6—
52 25.8 84.2 75.6 70.9 74.4
53 70.80 32.3 n/a 25.8 38.5
54 479.0 257.6 271.8 373.0 256.9
55 - 81.1 32.7 35.2 25.3 30.4
56 48:5' 94.2 36.8 75.0 • 32.5~ -•
57 12.5 307.9 326.3 479.0 311.0
58 20.4 41.6 n/a 81.1 53.4 ’
59 11.9 46.4 71.4 18.7 40.5
60 54.9- 33.5 36.0 32.4 31.5
T
Table. iii. 226Ra estimates.  producecLby each_ o f  the four point  estimation 
procedures.  Values in Bq/kg dry weight.
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No. Actual Value Knging. Triangulation. Polygonal. Inv Dist \
1 16.0 30.9 26 9 26.8 28.6
2 12.4 165 8.8 9.7 14.0
3 31.0 28.3 28.5 31.0 29.1
4 31.0 33.9 32.2 31.0 30.0
5 35.0 269 289 31.0 30.5
6 28.0 29.9 29.7 30.6 22.4
7 34.2 20.4 31.6 28.0 24.2
8 30.6 25.7 31.9 28.0 28.9
9 22.6 30.5 83.1 80.1 55.2
10 46.0 63 9 62.5 80.1 63.7
11 38.75 46.9 52.4 41.0 43.7
12 41.0 48.6 45.7 38.7 42.6
13 36.9 49.6 n/a 52.4 49.9
14 52.4 39.3 38.0 36.9 383
15 35.4 243 28.8 26.8 23.7
16 25.2 20.9 40.1 30.4 23.7
17 32.5 397 n/a 35.4 31.0
18 80.1 75.0 26.8 46.0 45.0
19 3.2 23.4 n/a 25.2 31.9
20 304 34.2 35.5 25.2 26.3
21 47.4 75 8 55.2 42.0 82 9
22 39.0 17.5 27.7 45.5 27.7
23 24.7 43.6 30.8 4.6 27.2
24 41.2 23.6 21.8 9.2 23.3
25 390 42.3 77.5 117 3 81.0
26 60.4 67 8 21.7 8.3 369
27 135.0 63.0 490 95.1 31.1
28 950 940 93.7 30.7 63.0
29 33.2 33 9 34.1 29.7 34.6
30 29.7 40 2 n/a 304 39.8
31 25 7 24 0 n/a 33 9 29 6
32 24.6 26 8 289 25.7 17.9
33 33.9 24 I 33.5 25 7 249
34 19 4 340 36 2 39.0 30.0
35 3.5 25.5 34.6 9.2 21.7
36 30 7 27.2 39 9 9.2 27.7
37 9.2 283 111 30 7 21.9
38 5.3 16 1 14.1 14.2 368
39 256 17.6 14.6 33.9 27.4
40 56 3 61.5 528 494 384
41 920 536 464 34.5 42.3
42 304 47.9 384 29 7 63 4
43 28.3 26.7 n/a 27.7 27.6
44 253 31 9 23 6 603 32.4
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45 27.7 28.4 n/a 4 28.3 28.2
46 28.4 26.6 27.6 27:7 27.6- -
47 14.2 26.4 66.9 5.3 35.1
48 21.7 38.8 n/a 43.4 27.5 "
49 5.1 57.6 80.0 49.4 35.1 ,
50 35.5 35.0 n/a . 5.1 27.5 -
51 49.4 42.2 67.7 56.3 45:7 • • i
52 19.6 . 40.8 43.1 43.4 18.8
53 43.4 22.5 n/a 19.6 45.3
54 117.3 53.6 60.0 39.0 42.8
55 26.8 15.3 18.9 ‘ 16.0 18.1
56 24.0- 22:6“ - 12.1 31.0 15:9—,
57 8.3 58.3 78.5 117.3 66.7
58 14.5 18.9 n/a 26.8 22.1
59 9.7 20.9 16.8 12.4 18.2
60 45.5 23.0 26.2 25.2 22.7
Table iv. 228Ra estimates produced by each o f  the four point 
estimation procedures.  Values in Bq/kg dry weight.
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■ No. Actual Value. Kriging. Triangulation. Polygonal. lnv.Dist.2.
1 468.8 452.9- 600.3 385 1 497.1
2 440.5 195.1 172.3 100.6 240.4
3 636.5 587.6 632.0 675.0 618.4
4 675.0 634.6 662.3 636.5 609.5
5 700.1 547.6 662.5 675.0 659.2
6 990.0 489.3 686.1 752.5- 583:5 -,
7 824.3 623.4 686.1 990.0 673.2
8 752.5 789.5 793.7 990.0 668.7 ’
9 - 434.2 597.6 570.0 470.9 754.0
10 1012.0 560.0 638.5 470.9 488.4
11 932;5 ” 821.6 793:2 899.7 940.3—
12 899.7 858.4 776.4 932.5 928.9
13 1015.1 873.5 n/a 868.2 877.4
14 868.2 975.1 1000.3 1015.0 972.8
15 644.7 572.6 308.2 644.7 495.9
16 480.3 541.3 739:9 - 639.0 444.9 '
17 593.7 601.4 n/a 644.7 592.2
18 470.9 670.3 454.3 1012.0 688.3 ‘
19 83.0 633.4 n/a 480.3 579.7
20 639.0 570.4 323.3 480.3 469.4
21 1088.1 363.3 377.7- 90,1 300.1-
22 . 889.0 734.4 469.9 739.5 562.1
23 521.6' 523.9 653.9 20.1 380.9
24 960.3 341.9 288.6 8.1 102.9
25 364.1 305.5 286.4 162.0 228.1
26- 432.5 ■ 393.7 ■ 367.1 86.8 1-11.7 -,
27 696.0 285.4 129.9 100.0 216.7
28 100.2 531.6 532.8' 288.1 501.6 ^
29 416.6 571.7 422.4 217.5 732.1
30 217.5 620.3 n/a 648.9 586.8
31 427.2 604.7 n/a 633.9 492,7 - ••
32 611.2 490.5 523.0 427.2 323.3
33 633.9 466.4 604.0 427:2 492. 8
34 564.2 351.4 775.1 889.0 577.9
35 33.9 300.48 789.7 8.1 446.9
36 288,1 94.8 66:1 8.1 2 4 4 ! - ,
37 8.1 220.7 236.6 288.1 341.5
38 156.9 498:6 217 .-9- ‘ 368.2 329:8"’
39 562.0 494.3 270.3 633.9 573.4
40 597.0 743.9 525.5 783.0 382.2
41 90.1 598.4 843.7 ■ 1088.0 878,3.. ,
42 648.9 403.1 455.2 217.5 415.7
43 580.4 520.4 n/a 516.7 524.‘5‘
44 540.6 481.9 474.3 432.5 438.1
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45 516.7 574.0 n/a 580.4 574.3
46 566.3 521.7 526.4 516.7 535:2....
47 368.2 201.9 451.3 156.9 304.4
48 705.1 460.6 n/a 325.0 378.8
49 29.9 651.3 685.6 783.0 701.6
50 632.0 442.4 n/a 209.0 388.0
51 783.0 383.1 344.9 597:0 499:9—
52 302.1 437.6 323.1 325.0 440.0
53 325.2 426.0 n/a 362.0 454.6
54 162.0 320.2 389.4 364.1 299.7
55 385.3 465.6 500.8 46.8 485.9
56 459:0 644:0 204.0 636. 5 * - 283.6 ■
57 86.8 372.0 329.9 162.0 275.0
58 446.0 574.0 n/a 459.0 320.6
59 100.6 509.6 516.2 440.5 526.8
60 739.5 454.3 552.9 480.3 475.6
Table v. 40K estimates produced by each of  the four point  estimation 
procedures.  Values in Bq/kg dry weight.
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Sample 238U. 226Ra „. 228Ra 40k ... 226Ra/238U. 228Ra/238U. 226Ra/228Ra
E 0-15 92.3 418.0 20.0 339.7 4.50 0.22 20.90
E 15-30 109.6 523.5 44.2 470.4 4.77 0.40 11.84
E 30-45 499.3 515.2 66.6 381.3 1.60 0.13 7.74
E 45-60 884.0 692.4 107.7 478.4 0.78 0.12 6.43
E 60-75’ 737:8 847.9 142.1 367.7' 114" 019 5‘.9 7 ^
A 0-15 53.8 334.9 30.5 361.5 6.22 0:57" 10.97-
A 15-30" 59.5 354! 36.3 397.-2 5.95“ 0:61 9.75—
A 30-45 50.2 457.1 33:0 360;9 9.10- 0.66- 13:85-.
A.45-60 73.7 411.0. 31..4.. 405.8. 5.57 0.43. 13.09..,
A 60-75 109.6 255.0 41.9 517.8 2.32 0.29 6.09
E 1 53.1 320.4 18.6 660.2 6.04 0.39 17.23
E 4 476.0 540.0 123.5 318.0 1.13 0.19 4.37
E 5 115.3 421.6 38.8 339.0 3.65 0.34 11.78
E6 83.6 444.8 32.2 275.0 5.32 0.39 13.81
9* 75.9 421,5 22.6 434.2 5.55 0.30 18.63
54* 788.0 479.0 117.3 162.0 0.61 0.15 4.08
41 * 546.2 393.0 30.4 89.3 0.93 0.06 12.93
F 0-15 25.0 34.0 21 293.5 13.70 0.08 16.19
F 15-30 7.0 39.9 2.7 204.1 5.70 0.39 14.78
F 30-45’ 154.0 71.3 66.3 75.7“ 0.46 0.43 1.08
C10-15 14:1 19:1 5.9 134.4 1.35 0.42 ' 3 .23--
C15-30 38.3 55.5' 21:2- 362.0 1.43* 0.55' 2.62 -
C 30-45 44.5 51.6 44,5 788:0 1,15 1,00 1.16-—,
F 2 20.8 49.8 . 25.6. 76.1. 2.38 123 . L99 ,
F 3 206.9 218.3 46.8 68.0 1.05 0.23 4.66
T a b le  v ii.  R a d io lo g ic a L p r o p e r t ie s  o f  samples taken, in Survey. 2., V a lu e s
in B q /kg .  * denotes samples taken in S u rv e y  1 but included for data
an a lys is  with  those of_Sunvey2.
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Sample 
E 0-15 
E 15-30 
E 30-45 
E 45-60 
E 60-75 
AO-15 
A 15-30 
A 30-45 
A 45-60 
A 60-75 
E 1 
E 4 
E 5 
E6 
9* 
54* 
41*
238UE.C.
5.9
6.3
4.9
1.3
11.9
3.8 
2:7
1.9
11.4 
3.8 
2.0" 
10.6
17.5
3.5
7.5 
17.0 
8.2
%238u e .c .
6.4 
5.8 
1.0 
0.2
1.4
7.2
4.6
3.7 
15.6
3.5
3.8
2.2
15.2
4.2 
10.0
2.2
1.5
238 UE.O. %238u e .o . 238UFe %238UFe
7.9 8.5 55.9 . 60.5
6.0 5.4 99.8 91.0
49.5 9.9 350.9 70.2
167.8 19.0 542.9 61.4
110.4- 1-2.5- 522.3 70.8—
1.2 2.2 40:1 74.5-'
6.7 IT. 3' 49.8 83.6-
5 ! 10.1 30.9 41.9
40.2 54.4 28.2 38.2
58.5 53.3 46.1 42.0
19.9 37.6 31.0 58.3
114.0 23.9 320.0 67.2
54.0 46.8’ 40.1 34.7
4.1 4.8 1.1 1.3
36.6 48.2 21.1. 27.8-..
85.9 10.9 451.2 57.2
74:9 13.8 283.0 51.8—
Table  viii. Spec ia t ion  o f  238U for samples o f  Survey 2. Values  in Bq/kg  
where  applicable.  * deno tes  samples taken  in Survey 1 but included for 
da ta  analysis, with those  o f  S.ur.vey.2 . E .C „  - exchangeable  cations,..E ..O . - 
easily oxid isable  organ ic  mat te r ,  Fe - am orphous  iron oxides.
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Sample Ra226 EC. %Ra226E.C. Ra226E.O. %Ra226E.O. Ra226Fe %Ra226Fe
E 0-15 4.8 1.15 2.3 0.6 26.5 6.3
E 15-30 5.3 1.02 2.1 0.4 26.1 4.9
E 30-45 8.19 1.59 0.3 0.1 36.2 7.0
E 45-60 15.9 2.30 5.4 0.8 67.7 9.7
E 60-75 18.7. 2.20 6.6 1.0 63.3 7,4-,
AO-15 5.3- 1.57 1.3 0:4 3:4 • 1 .0-n
A 15-30 3:4 0.95 0.6 0.2 27.8' 7:8~'
A 30-45 1.5 0.33 2.1 0.5 84.1 18.4
A 45-60 4.7 1.15 1.4 0.3 84.5 20.5
A 60-75 10.2 4.03 2.8 1.1 53.3 20.9
E 1 1.6 0.50 2.5 0.8 76.0 23.7
E 4 23.8 4.42 11.6 2.1 3.9 0.7
E 5 . 37.5 8.90 9.6 2.3 17.7 4.2
E6 2.9 0.67 1.1 0.3 2.2 0.5
9* 1..1. 0.26. 1.2 . 0.3 13.0„ 3.L_
54* 8.0 1-67 2.4 0;5 3-1,5- 6.6-  !
41* 14.0 3.56 1.4- 0:4 19,0 4:8—
Table ix. Spec ia t ion  o f  226Ra. for s a m p l e s .o f  Survey 2. V a lu es . in .B q /k g  
where  appl icable.  * deno tes  samples  taken  in Survey 1 but included for 
data, analysis  with  those  o f  .Survey2 . E X .  - exchangeab le  cations, .  E..nO. - 
easily oxid isable  organ ic  mat te r ,  Fe - am orphous  iron oxides.
Sample Ra228 E C %Ra228E.C. Ra228E O: %Ra228E.O: Ra228Fe %Ra228FeI
E0-15 2.1 10:4 5.5 27.5- 3.7 18 .5 -
E 1*5-30 3.2 7.1 8.3 11.9 3.5“ ' 7:9 -1
E 30-45 6.1 9.1 1.7 ' 2.5 9.7 14.5
E 45-60 7.6 7.1 4.5 4.2 21.7 20.1
E 60-75 9.0 6.3 3.4 0.3 26.0 18.3
AO-15 2.3 7.5 4.1 13.4 3.4 11.3
A 15-30 1.4 . 3.8 0.5 1.5 8.5 23.4
A 30-45 3.8 11.5 0.9 2.8 14.3 43.3
A 45-60 5.0 16.0 8.0 25.5 9.0 28.7
A 60-75 5.8 13.7 1.1. 2.5 10.3 24.6_.,
E ! 4.7 251 2.1 111 9.7 52.3-,
E 4 14.2 11.5 41 3.3 8 ! 6.6” ^
E 5 3.9 10.8 3.8 9.9 2.3 6.0
E6 4.7 14.5 1.7 5.2 2.8 8.6
9* 4.7 20.6 0.5 2.2 2.2 10.1
54* 4.1 3.5 2.4 0.5 14.9 12.7
41* 8.6 28.4 6.1 20.1 8.7 28.6
Table  x. S pec ia t ion  o f  228Ra for samples  o f  Survey  2. Va lues  in Bq/kg  
where  appl icable.  * deno tes  samples  taken. in_Survey 1 but Jn c lu d e d  for 
da ta  analysis with  those  o f  Survey2. E C. - exchangeable  ca t ions ,  E.O; - 
easily oxid isable  organ ic  mat te r ,  Fe - am orphous  iron oxides.
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Sample % Org.Mat. % H 20 pH Eh CEC Hum. Acid % NonHum%
E 0-15 32.8 74.3 4.6 220.0 39.8 161 16.7
E 15-30 19.2 63.1 4.5 190.0 29.9 9.8 9.4
E 30-45 29.9 76.5- 4.3 190.0 49.8 15.9 14.0 '
E 45-60 - 38,7 78,5 4.6 300=0- 19-2 34.7- 40- ,
E 60-75 36.7 78.6 4.8 165.0 58.3 13.1 23.6
A0-15 28.9 61.4 3.8 421.0 37.2 14.8 14.1
A 15-30 22.6 56.2 4.2 496.0 38.3 10.9 12.0
A 30-45 14.1 55.9 4.3 504.0 42.8 7.8 6.3
A 45-60 15:6 56.5” 5:7' 19.0 129:9 7.2” ' • 8.4'
A-60-75 19.8 58! 5:7 -55.0 15.3 14.1 5.7- .
E 1 11.5 51.1 4.0 287.0 58.2 7.6 3.9
E 4 41.6 78.0 5.7 182.0 68.9 37.1 4.5
E 5 45.4 77.8 5.8 136.0 56.7 17.2 28.2
E6 38.5 68.4 5.4 n/a 40.6 19.2 19.3
9* 19.7 43.9 4.9 n/a 3.7 8.4 11.3
54* 49.7 81.8 5 ! n/a 68.7 18.4- 31.3- '
41* 40.8 80.7. 5.4. n/a 46.1 20.6 20.2..,,
F 0-15 . 96.5 82.1 3.8 308.0 136.9 40.2 56.3
F 15-30 96.9 83.6 3.8 264.0 131.9 39.2 57.7
F 30-45 87.9 83.4 3.9 191.0 92.4 20.8 67.1
C10-15 84.1 88.0 3.7 213.0 60.3 15.0 69.1
Cl 5-30 38:3 84.9 3.9 192.0 54:0 13.3 25.0 -
C 30-45- 40.4 67.3 3.9 1-82.0- ■ 37.1. 12! 28.3-
F 2 90.9 85.2 3.8 334.0 82.9 32.5 58.4
F 3 85.1 83.3 4.1 330.0 91.8 34.6 50.5
Table. x L  Chemical p roper t ies .  o f  samples  of. Survey 2.. * denotes ,  samples 
taken  in Survey 1 but included for da ta  analysis with those  o f  Survey2.  
% O rg .M a t -% a g e  organ ic  materia l  w/w, % H 20 - % a g e  mois tu re  w/w, Eh- 
mV, C EC -ca t ion  exchange  capac i ty  meq/100 g ,  % H um A cid -% age  humic 
acid w/w^.^oNonHum-^/oagc.non.humic mater iaLw/w.
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Sample 
E 0-15
Iron
106900
Sol Iron 
<0.3
Manganese.
34550
Solmang.
445
Potassium
153
Sol-Potassa 
37 1
E 15-30 104900 <0.3 39250 212 . 100 11
E 30-45 88550 <0.3 30200 255- 159 16 •
E 45-60 39750 <0.3 6570 50 268 1
E 60-75 45080 <0.3 3060 37 169 1
A0-15 110600 <0.3 16700 320 147 32
A 15-30 117700 <0.3 29400 200 156 6
A 30-45 2150 < 0;3 43600 128 109 0
A 45-60. 143200 <0.3 21090. 1.60 125 0
A 60-75 97900 4.7 6450 8 68 2
E 1 72580 <0.3 25400 260 75 7
E 4 54370 5.9 1570 40 185 2
E 5 63340 21.4 11000 238- 72 6 -
E6 3850 < O.2 . 130 < 2 . 116 16-
9* 90000 <0.3 43600 54 110 1
54* 66500 <0.3 6950 23 63 5
41* 147300 <0.3 14650 70 139 0
F 0-15 1620 <0.3 260 < 1 177 58
F 15-30 2770 . <0.3. 28. <3 105. 23.
F 30-45 580 <0.3 70 <3 74 6
C10-15 2490 14.2 60 < 4 260 202
C15-30 17580 <0.3 55 < 2  - 63 17
C 30-45- 1260 <0:3 135 < 5 61 3
F 2. 810 <0.3. 30. <3 44. 4  ,
F 3 1690 <0.3 30 < 4 79 12
Table  xii. Chemical p rope r t ie s  o f  samples  o f  Survey 2 . * deno tes
samples taken  in Survey 1 but included for da ta  analysis with those  o f  
Sur_vey2. All. values.,  in ppm. Sol.lron_TSoluble iron,  . So l .m ang-so lub le  
manganese,  So l .po tass -  soluble  potass ium.
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JFigure  i. Raw data  for po r tab le  gamma sp ec t ro m e te r  survey  o f  locat ion
X. Values  in counts  per second.
2 0 0
Sample  pH  Eh mV Cond. \xS Tds  ppm Fe ppm U ppb
1 n/a 33 75.8 n/a 0.05 7.7
2 6.4 , 45 N/a  116 0.053 3.1
3 n/a 68 N/a  462 0 .282 5.1
4 n/a 71 N/a  50 0.005  4.7
5 6.91 61 86.9  66 0.23 0.5
6 7.05 76 43.2  48 0.43 1.0
7 6.61 82 ' 104 92 0 .104 1.5
8 7.2 100 66.5 n/a 0.51 1.0
9 7.21 109 .68 .1  90 0.005  19.3
10 6.62  104 68 68 0.23 1.7""
11 6:69 148 55.1 80 0.01 6.7
12 6:5 152 62.1 40 0.01 1.8
13 7.04 152 62 .2  70 0.01  n / a -
14 n/a 155“ 46.7  46 0.01 n / a -
15 n/a 155 20.2  56 Ö.YV/ 1 ,1 -
16. 5.56. 160 87 126 0.23 3.7. ..
17 4.3 133 69.2.  102. n/a... 1.8
18 6.01 137 91 112 0.35 2.0
19 5.3 122 79 96 0.2 54.5
20 7.14 138 84 112 0.05 3.9
ï
Table  xii, Chemical p rope r t ie s  o f  w a ter  samples taken  during Survey 2. 
Cond. -  conduct iv i ty ,  Tds. -  to ta l  d issolve solids,  ppm.
2 0 1
APPENDIX 2.
y(M)
ih|
r(|hi)
|h|
F ig u re  i. D ire c t io n a l se m i-va r io g ra m s for ln238U. T o p  - 0°, bottom - 45°
2 0 2
T(|h|)
IM
Y(|h|)
V
F ig u re  ii. D ire c t io n a l  se m i-va r io g ra m s for ln 238U. T o p  - 90°, bottom
135°.
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|h|
y(|h|)
lh|
F ig u r e , i i i ,  D ire c t io n a l  se m i-va r io g ra m s for 226Ra. T o p  - 0°, bott&m -
45° .
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u m )
1*1-
Y(|h|)
1*1
F ig u re  iv. D ire c t io n a l  sem i-variogr-am s-for 226Ra. T o p  - 90°, bottom -
13 5°.
205.
r(|h¡)
r(|h|)
•mi
F ig u re  v. D ir e c t io n a l  se m i-va r io g ra m s for 228Ra. T o p  - 0°, bottom  - 45°.
206
ï(|h|)
F ig u re  vi. D ire c t io n a l  se m i-va r io g ra m s for 228R a  . T o p  - 90°, bottom
135°.
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rimi)
T(|h|)
|h|.
F igure  vii. D i rec t iona l  sem i-var iogram s  for 40K. Top - 0°, b o t to m  - 45°.
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y(|h|)
|h|
r(|h|)
|h|. .
F ig u re  v i i i .  D ir e c t io n a l  se m i-va r io g ra m s for 40K .  T o p  - 90°, bottom
135°
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APPENDIX 3.
C o r r e la t io n .M a t r ix  for 2o8U
2Z6R a 
C.C. 0.71**-  
Sig. 0 .000  
N 25
22*Ra 
C.C: 0:78**- 
Sig. 0 .000  
N 25
226Ra /23^u
C.C.-0 .67**- .  
Sig. 0 .000  1 
N 25
Z2«Ra/'Z3iiu-
C.C. - 0 . 6 4 * *  
Sig. 0.001 
N 25
226Ra/2i«Ra .
C.C. - 0 . 1 4  
Sig. 0 .504  
' N 25
23*U Ex. Cat ion .  
C.C. 0 .44 
Sig. 0 .077  
N 17
226Ra Ex .C a t ion .  
C.C. 0 .78** 1 
Sig. 0 .000  
N 17 ,
22BRa Ex .C a t ion .  
C.C. 0.58 
Sig. 0 .14 .
N 17
23*U E as .O x .O rg  
(C.C. 0 .81** 
Sig. o.ooo.
N 17
220 RaEas.Ox.Org. 
C.C. 0.40 
Sig. 0 .111 .
N 17
22*Ra Eas.Ox Org. 
C .C, 0.32 : 
Sig. 0 .200  1 
N 17
Z3*U Fe Oxides  
C.C,  0:81** 
Sig. 000 
NT-7-
226Ra Fe O xides  
' C . C , - 0 . 4 3  
Sig. 0 .870  
N 17
^* R a  Fe  O xides  
C.C. 0:36 
Sig. 0.15 
N  17
M o is tu r e  ! 
C.C. - 0 : 5 2  n 
Sig. 0 .80 
N 2 5‘ -
•pH 
C.C. 0 .66** 
Sig. 0 .000  
N 25
Eh
C.C. - 0 . 3 6  
Sig. 0 .105 
N 21
Cat ion-Ex. Cap. 
C.C. - 0 .0 3  
Sig. 0!868 
N 25
H um ic  ac id s - ,  
C.C. 0.16 
Sig. 0 .525 
N 25
Non hum ic  ac ids  
C.C. - 0 . 2 9  
Sig. 0 .156  
N 25
O rgan ic  m ate r ia l  
C.C. - 0 . 6 4  
Sig. 0 .762  
N 25
Iron 
C.C. 0.31 
S ig ,0 .125 
N 25
M an g a n e se  
C.C. 0.23 
Sig. 0 .265 
N 25 1
Tota l  Lab. 23ilU 
C.C. 0 .92** 
Sig. 0 .000  
N 17 *
Tota l  Lab. 226Ra 
C.C. 0.22 
Sig. 0 .392  
N  1 7
To ta l  Lab. 22*Ra 
C.C.. 0.57 
Sig. 0 .017  
N T  7
* ' 1
1
Tab le  xiii.  C o r re la t io n  m atr ix  for 238U. C.C. -  C o r r e l a t i o n  co e f f ic ien t  
(S pea rm ans ) ,  Sig. - S ig n i f ic an ce  (2 t a i led ) ,  N - n u m b e r  o f  data  
po in ts .  A s ter isks  d e n o te  s ig n i f i c a n t  c o r r e l a t io n  at the  0.01 level  (2
i
ta i led ) .
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C o r r e la t io n  M a tr ix  for 226R a
W8U * *
C.C. 0.71 
Sig. 0 .000  
N 25
226 Ra Ra ■ - 
C.C. 0 .68** 
Sig. 0 .000  
N 25
226R a / 238U- 1 
C.C. - 0 . 2 3  1 
Sig. 0 .265  “i 
N 25
228R a / 2J8U 
C.C. - 0 . 4 0  
Sig. 0 .045 
N 25
226R a / 228RaC C 
0.15 
Sig. 0 .465 
N 25
238U Ex. Cat ion .  
C.C: 0.26 
Sig. 0 .302  
N 17
226R a Ex .C a t ion .
C C 0 . 3 9 ....
Sig. 0 114 
N 1 7 .
228R a Ex .C a t ion .  
C.C. 0.36 
Sig. 0 .145 
N 17
n *U E as .O x .O rg  
C.C. 0.45 
Sig. 0 .067  
N -17
226Ra Eas.Ox.Org. 
C.C. 0.33 
Sig. 0 .189  
N !;7
22*Ra Eas.Ox.Org. 
C.C. 0.35 
Sig. 0 .216  
N 17
2^8U Fe Oxides.  
C.C. 0 .82** 
Sig. 0.-000 
N 17
22i)Ra Fe O xides  
C.C. 0.02. 
Sig. 0 ,913 
N 17
228Ra Fe O xides  
C.C. 0 .68** 
Sig; ,002 
N 17
M o is tu re  
C.C. - 0 . 3 8  
Sig. 0.189. ^ 
N 25 ]
pH
C-.C. 0 :70** 
Sig. 0 .000 
N 25
Eh
' C.C. - 0 . 2 4  
Sig. 0.151 
N 21
C at ion  Ex. Cap. 
C.C. - 0 . 2 6 8  
Sig. 0 .269  
N 25
Hum ic  ac ids  
• C C  - 0 . 1 5  7-, 
Sig. 0 .450  
N 25
Non hum ic  ac ids  
C.C. - 0 . 5 8  
Sig. 0 .002  
N 25
Organ ic  materia l '  
C.C. - 0 .4 1  
Sig. 0 .037  
N. 25
Iron
C.C. 0.40 . 
Sig. 0 .045 
N 25
M a n g a n e se  
C.C. 0.54 
Sig. 0 .005  1 
N 25
Tota l  Lab. 2a8U 
C.C. 0.63 
Sig. 0 .006  
N 17
Tota l  Lab. 226Ra 
C.C. 0.22 
Sig. 0.3&2 
N 17
Tota l  Lab. 22*Ra 
C.C. 0 .49 
Sig. 0 .045 . 
N 17
i;
Tab le  xiv. C o r re la t io n  m atr ix  for 226Ra. C.C. - C o r re la t io n  co e f f ic ien t  
( S p e a r m a n s ) , . Sig. - S ig n i f ic an ce  .(2 t a i led ) ,  N . - number,  of. data  
po in ts .  A s te r i sks  d e n o te  s ig n i f ic a n t  c o r re la t io n  at the  0.01 level (2 
ta i led) .
211
C o r r e la t io n  M a tr ix  for 228R a
“ 8u
' C.C. 0 .78** 
Sig. 0 .000  
N 25
226^ ' Ra
C.C. 0 .68** 
Sig. 0 .000  
N 25 •
228Ra • ^ ‘R a / ^ U  • 1 
C.C. - 0 .6 2 * *  
Sig. 0 :001-  ^
N 25
228R a / 238U 
C.C. - 0  18 
Sig. 0 .384  
N 25
226R a / 22*Ra 
C.C. - 0 . 5 0 9 * *  
Sig. 0 .009  
N 25
2"*U Ex. Cat ion .  
C .C :  0:27 
Sig. 0 .290  
N 1 7
226Ra Ex .C a t ion .  
C.C. -0 .65**^  
Sig. 0 .004  
N 1 7 1
228Ra Ex .C a t ion .  
C.C. 0.41 
Sig. 0 .095 
N 1-7- ■
2J*U E a s .O x .O rg  
C.C. 0.58 
Sig. 0.013 
N-l-7
226Ra Eas.Ox.Org. 
C.C. 0.41 
Sig. 0 .096  
N ■ 1-7
228Ra Eas.Ox.Org.' 
C.C. 0.02 
Sig. 0 .922  
N-l-7 i
i!i8U Ee Oxides  
C.C. 0 .69** 
Sig. 0 .002  
N 17 _
226Ra Fe  O xides  
C.C. 0.10 
Sig. 0.69 
N 17 •
^28Ra F e O xides  
C.C. 0.47 
Sig. 0 .055 
N 17
M o is tu re  
C.C. - 0 . 0 5  
Sig. 0 .790  -, 
N 25
pH 
C.C. 0:45- 
. Sig. 0 .023 
N 25
Eh
C.C:-- 0 :3  7 
Sig.  0 .094  
N 21
C at ion  Ex. Cap. 
C .C /  - 0 .0 3  
Sig.  0.861 
N 25
H um ic  ac ids  ' 
C.C. 0.05 . 
Sig. 0 .810  : 
N 25 "
Non hum ic  ac ids  
C.C. -0 .2 1  
Sig. 0 .308 
N 2.5.
O rgan ic  m ate r ia l  
C.C. - 0 . 3 8  
Sig. 0 .858  
N. 25, .
Iron
C.C. - 0 . 1 3  
Sig. 0.951 
N. 25
M a n g a n e s e  ^ 
C.C. 0.04 
Sig. 0.841 
N 2 5..
To ta l  Lab.  “ BU 
C.C. 0 .75** 
Sig, 0.001 
N 17
Tota l  Lab. 22t)Ra 
C.C. 0.30 
Sig. 0 .228  
N 17
Tota l  Lab. 22SRa 
C.C. 0.55 
Sig. 0 .020  
N 17 i
Tab le  xv. C o r re la t io n  m atr ix  for 228Ra. C.C. - C o r re la t io n  co e f f ic ien t  
(S p ea rm an s ) ,  Sig. - S ig n i f ic an ce  (2 t a i led ) ,  N - n u m b e r  o f  data  
po in ts .  A s te r i sk s  d e n o te  s ig n i f i c a n t  c o r re la t io n  at the  0.01 level (2 
ta i led) .
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C o r r e la t io n  M a tr ix  for 226R a / 238U
2:i8U 
C .C . -0 .67**
Sig. 0 .000 '  
N 25
226Ra 
C.C. - 0 . 2 3  
Sig. 0 .265 
N 25
wgR a"
C.C. - 0 . 6 2 * *  
Sig. 0.001 
N 25
22i>R a / 2J*U-
228R a /2:38U 
C . C ” 0:3-6 
Sig. 0 .070  
N 25
226R a / 228Ra 
C C. 0 .67**  ; 
Sig.  0 .000  '* 
N 25
2^ U  Ex. Cat ion .  
C.C. - 0 .4 3  
Sig. 0 .083 
N 17
226Ra Ex .C a t ion .  
C.C. —0.73**^ 
Sig. 0.001 
N 1 7
228Ra Ex .C a t ion .  
C.C. - 0 . 5 9  
Sig. 0.011 
N 17
238U E as .O x  Org 
C.C. - 0 . 8 1 * *  
Sig. 0 .000  
N 17
226Ra Eas.Ox. Org. 
C.C. - 0 . 3 4  
Sig. 0 .177
N-1-7--
228Ra Eas Ox. Org ] 
C.C. - 0 . 2 8  
Sig. 0 .272  
N -1-7
^ 8U.Ee O xides  
C.C. - 0 . 7 3 * *  
Sig. 0 :000  
N 17
226R a Ee O xides  
C.C. 0.06 
Sig. 0.81 5- 
Nc 17
228R a Ee .Oxides 
C.C. - 0 . 3 4  
Sig. 0 :176 * 
N 17
M o is tu r e . . ^  
C.C. - 0 . 4 9  1 
Sig. 0,011 
N 25
pH 
C.C. -0 .2 1  
Sig. 0 .292 
N 25
Eh 
C.C. 0 .40 
Sig. 0 .072  
N 21
C at ion  Ex. Cap. 
C .C:  -0.1-7 
Sig. 0 .402  
N 25
H um ic  ac ids  
C.C. - 0 . 3 6  - 
Sig. 0 .073 ' 
N 25
Non hum ic  ac ids  
C.C. - 0 . 2 3  
Sig. 0 .253 
N 25 ..
O rgan ic  mate r ia l
C.C. - 0 . 3 9  
Sig. 0 .052  
N 25
Iron 
C.C. 0.15 
Sig. 0 .470  
N 25
M a n g a n e se  - 
C.C. 0.32 
Sig. 0 .119  
N 25
Tota l  Lab. 238U 
C.C. - 0 . 8 6 * *  
Sig. 0 .000  
N 17
To ta l  Lab. 226Ra 
C.C. - 0 . 1 7  
Sig. 0 .504  
N 17
Tota l  Lab. 228R a 
C .C . -0 .55 
Sig. 0 .022  
N 17
1
Tab le  xvi.  C o r re la t io n  m atr ix  for 226R a / 238U. C.C. - C o r re la t io n  
coeff ic ien t .  (S p ea rm an s ) ,  Sig. - S ig n i f i c an c e  (2 t a i led ) ,  N - n u m b e r  
o f  da ta  po in ts .  A s te r i sks  d e n o te  s ig n i f ic a n t  co r re la t io n  at the  0.01 level 
(2„ ta i led) .
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C o rre la t io n  M a tr ix  for 228R a / 2:>8U.
238u ^ R a 2 ¿XjyRa 226Ra/  U '
C.C. - 0 . 6 4 * * C C  - 0 . 4 0 C X .  - 0 . 1 8 C.C. 0.3-6 -,
Sig. 0.001 Sig. 0 .045 Sig. 0 .384 Sig. 0 .070
N 25 N 25 N ’25 N 25
228R a / i;i8U ' 226R a / 22*Ra' 2:'*U Ex. Cat ion: 226Ra Ex .C a t ion .
C.C. - 0 . 2 8 C.C. - 0 . 3 2 C.C. - 0 . 5 5  '
Sig. 0 .167 Sig. 0 .209 Sig. 0 .020
N 25 N 17 N 17
228Ra E x .C a t ion .  , 2;38U Eas .O x .O rg 2Z0Ra Eas.Ox.Org. 228Ra Eas.Ox.Org.
C.C. 0 .60** C.C. - 0 . 7 5 * * C.C. - 0 . 2 7 C.C. - 0 . 2 5
Sig. 0 .009 Sig. 0.000... Sig. 0 .279 Sig. 0 .325
N 17 N 17 N 17 N 1 7
238U Fe O xides 226R a Fe O xides 228Ra Fe O xides M o is tu r e  i
C.C. - 0 . 6 8 * * C.C. 0.02 C.C. - 0 . 2 9 C.C. -0 .15 . - .
Sig. 0 .002 Sig.  0 .926 Sig.  0 .249 Sig.  0 .474  •
N- 17 N 17 N  17 N2-5-* 1
pH Eh - ■ Cat ion  Ex.- Cap: Hum ic  acids-.
C.C. - 0 . 3 8 C.C. 0.22 C.C. - 0 . 2 0 C.C. - 0 . 4 2 4  ■
Sig. 0 .054 Sig. 0 .337 Sig /  0 .325 Sig. 0 .035 -
N 25 N 21 N 25 N 25
Non hum ic  ac ids Organ ic  mater ia l Iron M an g a n e se
C.C. 0.10 C.C. - 0 . 1 7 C.C. - 0 . 2 2 ' C.C. - 0 . 1 2
Sig. 0 .622 Sig. 0 .392 Sig. 0 .282 Sig. 0 .564
N 25 N 25 N 25 N 25 :
Total  Lab. 23*IJ Total  Lab. 226Ra Tota l  Lab. 228Ra
C C - 0 . 7 5 * * C.C. - 0 . 1 7 C.C. - 0 . 4 7
Sig. 0 .000 Sig. 0 .492 Sig. 0 .052
N 17 N !-7- N -17 ■
Tab le  xvii .  C o r re la t io n  matr ix  for 228R a /238U. C.C. - C o r re la t io n  
co e f f i c i en t  (S p ea rm an s ) ,  Sig. - S ig n i f i c an c e  (2 t a i led ) ,  N - n u m b e r  
o f  da ta  poin ts .  A s te r isks  d e n o te  s ig n i f i c a n t  c o r re la t io n  at the  0.01 level  
(2 ta i led) .
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C o rre la t io n  M atr ix  for 226R a / 228Ra
C.C. - 0 . 1 4  
Sig.  0 . 5 0 4  
N 25
Ra  
C.C. 0 .15  
Sig.  0 .4 6 5  
N 25
22*Ra 
C.C. - 0 . 5 0 9 * *  
Sig.  0 . 0 0 9  
N 25
226R a / “ 8U -, 
C.C. 0 .6 7 * *  ' 
Sig.  0 . 0 0 0  ~j 
N 25
22*Ra/2:3liU  
C.C. - 0 : 2 8  
Sig.  0 . 1 6 7  
N 25
226R a / 22*Ra 2™U Ex. Cation.  
C.C: - 0.27 ' 
Sig .  0 . 2 9 0  
N 17
226Ra E x .C at ion .  
C.C - 0 . 7 1  **~. 
Sig.  0 . 0 0 1  
N 17
228Ra Ex.Cat ion .  
C.C. - 0 . 4 1  
Sig.  0 .0 9 5  
N 17
23*U Eas .O x .O rg  
C.C. - 0 . 6 3 * *  
Sig.  0 . 0 0 7  
N -1 7
226Ra Eas.Ox.Org. 
C.C. - 0 . 3 7  
Sig.  0 .133  
N 17
22*Ra Eas.Ox.Org; 
C.C. - 0 . 0 1  ‘ 
Sig.  0 .9 6 3  
N 1 7-
2^ U  Fe O x ides  
C.C. - 0 . 7 1 * *  
Sig.  0 . 0 0 1  
N 17
226Ra Fe Oxides .  
C.C. - 0 . 0 2  
Sig.- 0:911  
N 17
22*Ra Ee O x id e s  
C.C. - 0 . 4 7  
Sig.  0:051  
N 17
M ois tu re  
C.C. - 0 . 5 3 * * :  
Sig.  0 . 0 0 6  - - 
N 25 ' 1
pH
C.C. 0 . 2 0  
Sig.  0.321  
N 25
Eh
C.C. 0 : 2 0  
Sig.  0 . 3 8 4  
N 21
Cation  Ex. Cap.  
C.C: - 0 . 1 7  
Sig.  0 .391  
N 25
Hum ic  ac ids  
C.C. - 0 : 1 9  -] 
Sig.  0 .3 5 5  ‘ 
N 25
Non hum ic  ac ids  
C.C. - 0 . 4 0  
Sig.  0 .0 4 5  
N 2 5..
Organic  material'  
C.C. - 0 . 4 1  
Sig.  0 . 0 4 0  
N .2 5
Iron 
C.C. 0 .44  
Sig.  0 . 0 2 7  
N .2 5  .
M a n g a n e s e  1 
C.C. 0 .5 7 * *  
Sig.  0 .003
N-2.5.. 1
Total  Lab. 23*V 
C.C. - 0 . 6 9 * *  
Sig.  0 . 0 0 2  
N 17
Total  Lab. 22i)Ra 
C.C. - 0 . 2 3  
Sig.  0 . 3 9 0  
N 17
Total  Lab. 228Ra  
C.C. - 0 . 5 2  
Sig.  0 , 0 3 0  
N 17
• \
Table  xv i i i .  Correlat ion  matrix for 226R a / 228Ra. C.C. - Correlation  
c o e f f i c i e n t  (S pearm ans) ,  Sig .  - S ig n i f i c a n c e  (2 ta i led ) ,  N  - number
t
o f  data points .  A ster isks  d e n o te  s ig n i f i c a n t  corre lat ion  at the 0 . 0 1  l e v e l  
(2 ..taijed).
215
C o rre la t io n  .Matr ix  for 238U: E x c h a n g e a b le  C a t ions
C.C. 0:44  
Sig.  0 . 0 7 7  
N 17
220Ra 
C.C. 0 .26  
Sig.  0 . 3 0 2  
N 17
228Ra 
C.C. 0 .27  
Sig.  0 . 2 9 0  
N 17
226R a /23*U • 
C.C. - 0 . 3 2  .  
Sig.  0 . 2 0 9  
N 17
• m R a /23*U 
C.C. - 0 . 3 2  
Sig.  0 .2 0 9  
N 17
^ 6R a / zz*Ra 
C.C. - 0 . 2 7  
Sig.  0 . 2 9 0  
N 17
23*U Ex. Cation. 226Ra Ex. Cati a n . 
C.C. 0 .47  1 
Sig.  0 . 0 5 6  ’ 
N 1 7
2i**Ra Ex.Cat ion.  
C.C. 0 .22  
Sig.  0 .391  
N 17
23*U Eas .O x .O rg  
C.C. 0.41  
Sig.  0 . 0 9 7  
N 17
220Ra Eas.Ox.Org. 
C.C. 0 .29  
Sig.  0 .251  
N 17
228Ra Eas.Ox.Org. 
C.C. 0 .34  
Sig.  0 . 1 7 6  
N 17
2J8U F e  O x ides  
C .C ,  0.1-9 
Sig.  0 .4 6 3  
N 17
¿¿0Ra Fe O x ides  
C.C - 0 , 2 3  
Sig.  0 . 3 8 9  
N 17
228Ra Fe O x ides  
C.C. - 0 . 1 6  
Sig.  0 .5 3 5  
N 17
M ois tu re  ¡ 
C.C. 0 ,47   ^
Sig.  0 .051  
N 17
pH
C.C. 0 .6 2 * *  
Sig.  0 .0 0 8  
N 17
Eh
C.C. - 0 . 7 3 * *  
Sig.  0 . 0 0 4  
N 13
Cation  Ex. Cap.  
C .C .0 . 2 6 2  . 
Sig.  0 . 3 0 9  
N 17
Hum ic  acids- ,  
C.C. 0 .1 4  ; 
Sig.  0!5 7 0 ‘ -1 
N 17
Non hum ic  ac ids  
C.C. 0 .59  
Sig.. 0 .1 2  
N 1 7
Organic  material  
C.C. 0 .47  
Sig ,  0 .0 5 5  
N 17
Iron 
C.C. 0 .173  
Sig.  0 . 5 0 7  
N 17
M a n g a n e s e  
C.C. - 0 . 1 9  
Sig ,  0 .4 4 8  
N 17 !
Total  Lab. 23*U 
C.C. 0 .46  
Sig.  0 . 0 5 9  
N 17-
Total  Lab. 226Ra  
C.C. .0 .04  ' 
Sig.  0 . 8 7 4  . 
N 17 •
Total  Lab. 228Ra  
C.C. 0 .1 6  
Sig.  0 . 5 2 2  
N 17
i
i
T ab le  xix.  C orrelat ion  matrix for 238U: E x c h a n g e a b le  C a t i o n s . . C..C. -
Correlation,  c o e f f i c i e n t  (Spearmaas), . .S ig .  - S i g n i f i c a n c e . ( 2  tailed)^ N 
- number o f  data po in ts .  A ster isk s  d en o te  s ig n i f i c a n t  corre lat ion  at the  
0 . 0 1  l eve l  ( 2  ta i l ed).
216
C o rre la t io n  M atr ix  for 226Ra: E x c h a n g e a b le  C a t ions .
C . e .  0 .7 8 * *  
Sig .  0 . 0 0 0  
N 17
226Ra
C.C. 0 . 3 9 .........
Sig.  0 . 1 1 4  
N 17
22^Ra ■" 
C.C. - 0 . 6 5 * * -  
Sig.  0 . 0 0 4  
N 17
220R a /2;3*U 
C.C. -0.5-5 n 
Sig.  0 . 0 2 0  
N 17
22*Ra/ 23*U- 
C C - 0 .5 5 .  
Sig. 0 . 0 2 0  
N 17
226R a /22*Ra 
C.C. - 0 . 7 1 * *  
Sig. 0 .001  
N 17
2^ U  Ex. Cation:  
C.C. 0 .47  
Sig.  0 . 0 5 6  
N 1 7
226Ra Ex .Cat ion .j
2^ R a  Ex.Cat ion.  
C.C. 0 .52  
Sig.. 0 .0 3 2  ..
N 17
23*U Eas Ox Org 
C.C. 0 .7 3 * *
. Sig.  0 . 0 0 1  
N 17
226RaEas.Ox.Org. 
C.C. 0 .6 1 * *  
S i g . .0.008.
N  17
228Ra Eas. Ox. Org. 
C.C. 0 .4 2  
Sig. 0 . 0 9 2  
N 17 ^
23*U Fe O xides  
C.C. 0 ,7 0 * *  
Sig.  0 . 0 0 2  
’ N' 1 7 '
226Ra Fe O x ides  
C.C. - 0 . 1 1  
Sig.  0 . 6 7 0  
N 17
22*Ra Fe O x ides  
C.C. 0 . 2 0  
Sig.  0 . 4 3 0  
N 17
M ois tu re  1 
C.C. 0 .7 9 * *   ^
Sig.  0 . 0 0 0  
N 17- j
pH 
C.C. 0 .45  
Sig.  0 . 0 6 4 ’ 
N 17
Eh
C.C. - 0 . 5 7  
Sig.  0 .040'  
N 13
Cation  Ex.  Cap.  
C.C. 0.41  
Sig.  0 . 0 9 7  
N 17
Humic- a c i d s ... 
C.C. 0 .64**-  1 
Sig.  0 .0 0 5  a 
N 17
Non hu m ic  ac ids  
C.C. 0 .23  
Sig, 0 .3 5 8  
N 17
Organic material  
C.C. 0 .7 1 * *  
Sig., 0 .001  
N 17
Iron 
C.C. - 0 . 1 0  
Sig, 0 . 6 8 0  
N 17
M a n g a n es e  
C.C. - 0 . 6 0 * *  
Sig. 0 . 0 0 6  
N 17 ’ :
Total  Lab. 23*U 
C.C. 0 .7 8 * *  
Sig.  0 . 0 0 0  
N 1-7
Total  Lab, ^ 6Ra  
C C. 0 .29  
Sig.  0 . 2 5 4  
N 17
Total  Lab. 22*Ra 
C.C. 0 .5 2  
Sig.  0 . 0 3 0  
N-17
Table  xx.  Correlat ion matrix for 226Ra: E x c h a n g e a b le . C a t io n s .  C.C - 
C orrelat ion  c o e f f i c i e n t  . (Spearmans),  Sig.. - S ig n i f i c a n c e  ( 2  ta i l ed) ,  N  
- number o f  data po in ts .  A ster isk s  d en o te  s ig n i f i c a n t  corre lat ion  at the  
0..01 l e v e l  ( 2  ta i led).
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C o rre la t io n  M atr ix  for 228Ra: E x c h a n g e a b le  C a t ions
238u
C.C. 0:58  
Sig.  0 .1 4  
N 17
m Ra  
C.C. 0 .3 6  
Sig.  0 . 1 4 5  
N 17
22“Ra 
C.C. 0.41  
Sig .  0 . 0 9 5  
N 17
226Ra/ U  
C.C. -0,-59  , 
Sig .  0 . 0 1 1  
N 17
W8R a / m U  
C.C. 0 .6 0 * *  
Sig.  0 . 0 0 9  
N 17
22i)R a / 22*Ra' 
C.C. -0.-41  
Sig.' 0 .0 9 5  
N 17
238U Ex. Cation.  
C.C. 0 . 2 2  
Sig.  0 .391  
N 17
226Ra Ex .Cat ion .  
C.C. 0 .52  
Sig.  0 . 0 3 2  
N 17
228Ra Ex.Cat ion . 2^ U  Eas .O x .O rg  
C.C. 0 . 0 .7 5 * *  
Sig .  0 . 0 0 0  
N 17
ZZi,Ra Eas.Ox.Org. 
C.C. 0 .35  
S i g . . 0 .1 6 5  . 
N 17
228Ra Eas.Ox.Org. 
C.C. 0 .13  
Sig.. 0 .611  
N 17 -!
zS*\J Fe O xides  
C.C, 0,3 8 
Sig.  0 .1 2 5  
N 17
226Ra Fe O x ides  
C .C . 0 ,15  - 
Sig.  0 . 5 6 6  
N'T 7
228Ra Fe O x ides  
C.C. 0.41  
Sig.  0 . 1 0 2  
N 17" ■
M ois tu re  ! 
C.C. 0 ,44  
Sig.  0 . 0 7 4  ■ 
N ‘ 17- j
pH 
C.C. 0 .45  
Sig.  0 .0 6 5  
N 17
Eh
C.C. - 0 . 5 0  
Sig .  .081  
N 13
Cation Ex. Cap.
C.C. 0.51  
* Sig .  0 .0 3 3  
N 17
H um ic  ac ids  -  
C.C. 0 .35  
Sig-. 0.1-67 ", 
N 17
Non hum ic  ac ids  
C.C. - 0 . 1 7  
Sig.  0 . 4 9 7  
N 17
Organic  material  
C.C. 0 .3 0  
Sig ,  0 . 2 4 2  
N 17
Iron 
C.C. - 0 . 2 5  
S ig ,  0 . 3 1 7  
N 17
M a n g a n es e  
C.C. - 0 . 5 5  
Sig.  0 . 0 2 1  
n  i 7  :
Total  Lab.
C.C. 0 .6 0 * *  
Sig.  0 . 0 1 0  - 
N 1-7
Total  Lab. 226Ra  
C .C .0 .45  
Sig .  0 . 0 7 0  
NT-7
Total  Lab. 22*Ra 
C .C . . 0 .6 9 * *  
S i g . 0 . 0 0 2  
N 1- 7- •
1
Table  xxi .  Correlat ion  matrix for 228Ra: E x c h a n g e a b le  Cations.  C.C. -
\
C orrelation  c o e f f i c i e n t  (S p earm an s) ,  S ig . .  -  S ig n i f i c a n c e  ( 2 . ta i led ) ,  NA
- number o f  data points .  A ster isk s  d en o te  s ig n i f i c a n t  correla t ion  at the  
0 . 0 1  l e v e l  ( 2  ta i l ed) .
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C o rre la t io n  M atr ix  238U: Eas i ly  O x id i s ab l e  Organic .
23*u
C.C. 0 .8 1 * *  
Sig.  0 . 0 0 0  
N 17
226Ra  
C.C. 0:45 ' 
Sig.  0 . 0 6 7  
N 17
22*Ra 
C.C. 0 .58  • 
Sig.  0 .0 1 3  
N 17
226R a /23*U 
C.C. - 0 , 8.1-**A 
Sig.  0 . 0 0 0  s 
N 17
22W J*u
C.C. - 0 . 7 5 * *  
Sig.  0 . 0 0 0  
N 17
226R a / 22*Ra- 
C.C. - 0 . 6 3 * *  • 
Sig.  0 . 0 0 7  
N 17
2J*U Ex. Cation.  
C.C. 0.41  
Sig.  0 . 0 9 7  
N 17
226Ra Ex.Cation, .  
C.C. 0 .7 3 * *  1 
Sig.  0 .001  
N 17
228Ra Ex.Cat ion .  
C.C. 0 . 0 .7 5 * *  
Sig.  0 . 0 0 0  
N 17
226Ra Eas.Ox.Org. 
C.C. 0 .6 2 * *  
Sig.  0 . 0 0 8  
N 17
228Ra Eas.Ox.Org. 
C.C. 0 .19  
Sig.  0.45.6.
N 17 ;
23*U Fe O x ides  
C.C. 0 .6 8 * *  
Sig.  0 . 0 0 2  
N 1*7
22i>Ra Fe O xides  
C.C. 0 .23  
■ Sig.  0 . 3 7 4  
N ‘ 17
^*Ra Fe O x ides  
C.C. 0.51  
Sig.  0 . 0 3 6  
N 17" '
M ois tu re  
C.C 0.65**--,  
Sig.  0 . 0 0 4  ; 
N 1 7 -  i
pH
C.C. 0 .50  
Sig.  0 :037  
N 17
Eh
C.C. - 0 . 5 8  
Sig.  0 . 0 4 7  
N 13
Cation  Ex. Cap.  
C.C. 0 .6 0 * *  
Sig: 0 .1 0  
N 17
Hum ic  acids^  
C.C. 0 .4 7  
Sig-. 0 :0 5 4  -, 
N 17
N on hum ic  ac ids  
C.C. - 0 . 1 0  
Sig,. 0 . 9 7 0  
N 17
Organic  mater ia l  
C.C. 0 .5 6  
S ig ,  0 .18  
N 17
Iron 
C.C. - 0 . 1 8  
Sig.  0 . 4 6 8  
N 17
M a n g a n es e  
C.C. - 0 . 5 0  
Sig,.  0 . 0 3 9  
N 17
Total  Lab. 23SÜ  
C.C. 0 .8 8 * *  
Sig.  0 . 0 0 0  
N 17
Total  Lab. 226Ra 
C C 0 53 
Sig.  0 . 0 2 6  
N - 1 7 •
Total  Lab. 22*Ra 
C .C . . 0 . 7 4 * *  
Sig.  0 .001  
N 17- ■1
Table  xxii .  C orrelat ion  matrix for 238U: E a s i ly  .Oxid isable  Organic.  C .C .
.j
- C orrelat ion  c o e f f i c i e n t  (Spearm ans) ,  Sig.  - S ig n i f i c a n c e  ( 2  ta i led ) ,  N
- number o f  data points .  A ster isk s  d en o te  s ig n i f i c a n t  corre la t ion  at the  
0 . 0 1  l e v e l  ( 2  ta i l ed) .
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C o rre la t io n  M at r ix  for 226Ra: Eas i ly  O x id i s ab le  Organic .
2' yu
C.C. 0 .4 0  
Sig.  O'. 111 
N 17
226Ra  
C.C. 0 .33  
Sig.  0 . 1 8 9  
N 17
228Ra  
C.C. 0.41  
Sig.  0 . 0 9 6  
N 17
226R a /23*U 
C.C. —0 , 3 4 -  
Sig.  0 . 1 7 7  1 
N 17
22*Ra/23*\J' 
C.C. - 0 . 2 7  
Sig.  0 . 2 7 9  
N 17
22bR a /22*Ra 
C.C. - 0 . 3 7  
Sig.  0 .1 3 3  
N 17
23*U Ex. Cation.  
C.C. 0 .29  
Sig.  0 .251  
N 17
226Ra Ex .Cat ion .  
C.C. 0 .6 1 * *  ; 
Sig.  0 . 0 0 8  
N 17
22*Ra Ex.Cat ion.  
C.C. 0 .35  
Sig.  0 .1 6 5  . 
N 17
23*U Eas .O x .O rg  
C.C. 0 .6 2 * *  
Sig.  0 . 0 0 8  
N 17
226Ra Eas.Ox.Org. 228Ra Eas.Ox.Org. 
C.C. 0 .2 9  . 
Sig.  0. .252  
N 17
23‘U Fe O x ides  
C.C. 0 ,38  
Sig.  0 . 1 3 0  
N- 17
226Ra Fe O x ides  
C.C. 0 .18  
Sig.  0 .4 8 5  
N 1 7 ■
22SRa Fe O x ides  
C .C ,  0 .3 2  
Sig.  0 . 2 1 0  
N-17-
M ois tu re  
C.C. 0,3-9 - 
Sig.  0 . 1 1 7  
N  17' !
pH 
C.C. 0 .4 0  
Sig.  0 .103  
N 17
Eh
C.C. - 0 . 4 2  ‘ 
Sig.  0 /1 5 3  ’
N 13
C ation  Ex: Cap.  
C.C. 0 .45  
Sig.  0 . 0 6 8  
N 17
Humic  ac ids .  
C.C. 0 .27  : 
Sig. 0 . 2 9 0  •- 
N 17
Non hum ic  ac ids  
C.C. - 0 . 1 4  
Sig,  0 .5 7 3  
N 17
Organic  material  
C.C. 0 .34  
Sig.  0 . 1 8 2  
N 17
Iron 
C.C. - 0 . 4 1  
Sig.  0 . 1 0 0  
N 17 ‘
M a n g a n es e  
C.C. - 0 . 4 7  
Sig.  0 . 0 5 6  
N 17 ]
Total  Lab.  
C.C. 0 .5 0  
Sig.  0 . 0 4 0  
N -17-
Total  Lab. 226Ra  
C.C. 0 .52  
Sig .  0 . 0 2 9  
N-l-7- •
Total  Lab. 22*Ra 
C.C. 0 .49  
Sig.  0 . 0 4 6  
N 17
■)
Table  x x i i i ,  Correlat ion matrix for 226Ra: E a s i ly  O x id i s a b le  Organic.
i
C.C. - Correlat ion c o e f f i c i e n t  (Spearm ans) ,  S ig . .  - S ig n i f i c a n c e  ( 2  
ta i led ) ,  N - number o f  data po in ts .  A ster isk s  d e n o te  s ig n i f ic a n t  
corre lat ion  at the 0 . 0 1  l e v e l  ( 2  ta i l ed) .
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C o rre la t io n  M atr ix  for 228Ra: Eas i ly  O x id i s ab l e  Organic .
C.C. 0 .32  
Sig.  0 . 2 0 0  
N  17
ZZ0Ra  
C.C. 0 .35  
Sig.  0 . 2 1 6  
N  17
228Ra 
C.C. 0 . 0 2  
Sig.  0 . 9 2 2  
N 17
22i>R a /2‘i8U 
C.C: - 0 . 2 8  n 
Sig.  0 . 2 7 2  
N 17
228R a /2:iiiU  
C.C. - 0 . 2 5  
Sig.  0 .3 2 5  
N 17
226R a /22*Ra 
C.C. - 0 . 0 1  
Sig.  0 .9 6 3  
N 17
2J8U Ex. Cation.  
C.C. 0 .3 4  
Sig.  0 . 1 7 6  
N 17
226Ra Ex .Cat ion .  
C.C. 0 .42  ! 
Sig.  0 . 0 9 2  
N 17
228Ra Ex .Cat ion .  
C.C. 0 .13  
Sig.  0 .611  
N 17
2^ U  Eas .O x .O rg  
C.C. 0 .19  
Sig.  0 .4 5 6 .
N 17
226Ra Eas.Ox.Org. 
C.C. 0 .29  
Sig.  0 . 2 5 2  
N 17
228Ra Eas.Ox.Org.
2^8U F e  O xides  
C.C. 0 .32  
Sig. 0.21  
' N 17
220Ra Fe O x ides  
C.C. —0 .0 2  
Sig.  0 .9 1 8  
N 17
228Ra Fe O x ides  
C.C. - 0 , 0 4  
Sig.  0 . 8 6 8  
N' l o ­
M ois tu re  ! 
C.C. 0 .45  . 
Sig.  0 .0 6 5  ' 
N 17- ^
pH 
C.C. 0 .19  
Sig.  0 .4 5 7  
N 17
Eh
C.C. - 0 . 2 6  
Sig.  0 !388  
N 13
c a t i o n  Ex. Cap.  
C.C. 0 .3 6  
Sig.  0 . 1 4 9  
N 17
H u m ic  ac ids  , 
C.C. 0 .24  1 
Sig.  0 .347-  - 
N 17
N on  hum ic  ac ids  
C.C. 0 .05  
Sig.. 0 .8 2 2  
N 17
Organic mater ia l  
C.C. 0.21  
Sig.  0 .4 0 5  
N 17
Iron  
C.C. 0 .32  
Sig,  *0 , 2 1 0  
N  17
M a n g a n e s e  
C.C. - 0 . 1 1  
Sig.  0 .6 5 2  
N 17
Total  L a b , 2J8U 
C.C. 0 .3 9  
Sig.  0 . 1 1 9  
N 17
Total  Lab. 226Ra  
C.C. 0 .15  . 
Sig.  0 . 5 6 6  
N l - 7
Total  Lab. 22*Ra 
C.C. 0 .36  
Sig.  0 . 1 5 2  
N- 1 7 • i
T ab le  xx iv .  C orrelat ion  matrix for 228Ra: E a s i ly  O x id i s a b le  Organic.  
C.C. - Correlat ion  c o e f f i c i e n t .  (Spearmans) , .  Sig. .  - S ig n i f i c a n c e  ( 2
I
ta i led ) ,  N - number o f  data po in ts .  A ster isk s  d e n o te  s ig n i f ic a n t  
corre la t ion  at the 0 . 0 1  l e v e l  ( 2  ta i l ed).
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C o rre la t io n  M atr ix  for 238U: Iron Oxides .
Z38U 
C.C. 0 .8 1 * *  
Sig.  0 0 0  
N 17
226Ra  
C.C. 0 .8 2 * *  
Sig.  0 : 0 0 0  
N 17
228Ra  
C.C. 0 .6 9 * *  
Sig.  0.002"  
N 17
226R-a/238U- -, 
C.C. - 0 . 7 3 * *  ' 
Sig.  0 .0 0 0  
N 17
228R a /23*U 
C.C. - 0 . 6 8 * *  
Sig.  0 . 0 0 2  
N 17
226R a / 228Ra
c . c .  - 0 :7 1 ** 
S i g . *0.001 
N 17
238U Ex. Cation.  
C.C. 0 .19  
Sig.  0 .4 6 3  
N 17
226Ra Ex .Cat ion .  
C.C. 0 . 7 0 * * '  
Sig.  0 . 0 0 2  
N 17
228Ra Ex .Cat ion .  
C.C. 0 .38  
Sig.  0 .1 2 5  
N 1-7
238U Eas .O x .O rg  
C.C. 0 .6 8 * *  
Sig.  0 . 0 0 2  
N 17-
226Ra Eas.Ox.Org. 
C.C. 0 .38  
Sig.  0 !  30  
N ‘l-7
228Ra Eas.Ox.Org. 
C.C. 0 .32  
Sig.  0 . 2 1  
N -17
2j8U Fe O x ides 226Ra F e .O x id e s  
C.C. 0 .15  
Sig.  0 . 5 5 7  
N 17
228Ra Fe O x ides  
C.C. 0 .5 6  
Sig.  0 .0 1 8  
N 17
M oisture .  
C.C. 0 .7 7 * *  '
Sig.  0 . 0 0 0  -,
N 17
pH 
C.C. - 0 . 0 5  
Sig.  0 . 8 3 6  
N 17
Eh
C.C. - 0 . 0 3  
Sig.  0 . 9 0 0  
N 13
Cation Ex.  Cap.  
C.C. 0 .3 9  
Sig.  0 . 1 2 1  
N 17
H um ic  ac ids  
C .C . 0 51 n  
Sig.  0 .0 3 5  
N 17
Non humic  ac ids  
C.C. 0 .13  
Sig.  0 . 5 9 6  
N. 1 7.
Organic  material  
C.C. 0 .53  
Sig.  0 . 0 2 6  
N  17
Iron
C.C. - 0 . 0 8  
Sig.  0 . 7 5 7  
N  1.7
M a n g a n e s e  i 
C.C. - 0 . 2 8  ‘ 
Sig.  0 . 2 6 4  
N 1.7. \
Total  Lab. 238U 
C.C. 0 .26  
Sig .  0 . 3 0 2  
N 17
Total  Lab. 226Ra  
C.C. 0 . 8 6 ** 
Sig.  0,00-0 
N 1 7
Total  Lab. 228Ra  
C.C. 0 .6 7 * *  
Sig.  0 .0 0 3  
N 17
t.1
Table  xxv.  C orrelat ion  matrix for 238U: Iron O xides .  C.C. - Correlat ion  
c o e f f i c i e n t  (S pearm ans) ,  .Sig..  - S ig n i f i c a n c e .  (2. ta i l ed ) ,  N - rmmber  
o f  data po in ts .  A ster isks  d en o te  s ig n i f i c a n t  corre lat ion  at the 0.01 le ve l  
(2  ta i l ed).
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C o rre la t io n  M atr ix  for 226Ra: I ron O xides
Z3-*u 
C.C. - 0 . 4 3  
Sig.  0 . 8 7 0  
N  17
'm Ra 
C.C. 0 .02  
Sig. 0 .9 1 3  
N  17
22*Ra 
C.C. 0 . 1 0  
Sig. 0 .6 9  
N 17
226R a /2"*U 
C C  0:06 - • 
Sig. 0 .8 1 5  • 
N 17
'i 2*Ra-/2"*U. 
C.C. 0 . 0 2  
Sig.  0 . 9 2 6  
N 17
226R a /22XRa 
C.C. 0 .02  
Sig.  0 . 9 2 6  
N 17
2^ U  Ex. Cation.  
C.C. - 0 . 2 3  ■ 
Sig.  0 . 3 8 9  
N 17
226Ra Ex .Cat ion .  
C.C. - 0 . 1 1  1 
Sig.  0 . 6 7 0  
N 17
22*Ra Ex .Cat ion .  
C .C .0 .15  
S ig . ...0.566..
N 17
2J8U Eas .O x .O rg  
C.C. 0 .23  
Sig. 0 . 3 7 4  
. N 17
226Ra Eas.Ox.Org. 
C.C. 0 .18  
Sig.. 0..485 . 
N 17
22*Ra Eas.Ox.Org. 
C.C. - 0 . 0 2
Sig. 0 . 9 1 8 ...
N 17
23 *U Fe O x ides  
C.C. 0,15-  
Sig.  0 . 5 5 7  
N 17
226Ra Fe O xides 22*Ra Fe O x id e s  
C .C .0 .7 9 * *  
Sig.  0 . 0 0 0  
N 17
M ois tu re  
C.C. - 0 . 1 6  
Sig.  0 .5 3 5  
N VI” n
pH 
C.C. - 0 . 1 7  
Sig.  0 .5 0 8  
N 17
Eh
C.C. 0 . 0 0 8  
Sig.  0 . 9 7 9  
N 13
Cat ion-Ex.  Cap.  
C.C. 0 .42  
Sig.  0 .0 8 8  
N 17
Hum ic  ac ids  
C.C. - 0 . 5 0 '  ' 
Sig.  0 . 0 4 0  
N 17
N on  hu m ic  ac ids  
C.C. - 0 . 4 0  
S i g ,  0 . 1 1 2  
N 1 7
Organic  materia l  
C.C. 0 .45  
Sig.  0 .0 6 8  
N 17
Iron
C.C. - 0 . 0 8  
Sig,  0 .751  
N 17
M a n g a n e s e  
C.C. 0 .18  
Sig ,  0 . 4 8 0  
N 17 !
Total  Lab. 238U 
C.C.. 0 .17  
Sig.  0 . 5 0 4  
N- 17
Total  Lab. ¿¿bKa 
C.C. .0 . 8 6 ** 
Sig.  0 . 0 0 0  
N-T7- .
Tota l  Lab. ^*Ra  
C.C. 0 .55  
Sig.  0 .021  
N- 1-7-
Table  xxv i .  C orrelat ion  matrix for 226Ra: Iron O x id e s . .  .C . C . _  -
Correlat ion c o e f f i c i e n t  (S pearm ans) ,  Sig.  - S ig n i f i c a n c e  ( 2  ta i l ed) ,  N 
- number o f  data points .  A ster isk s  d en o te  s ig n i f i c a n t  corre lat ion  at the  
0 . 0 1  l e v e l  ( 2  ta i l ed) .
223
C o rre la t io n  M atr ix  for 228Ra: Iron Oxides .
C.C. 0 .36  
Sig.  0 .15  
*N 17
226Ra 
C.C. 0 .6 8 ** 
Sig.  .002  
N 17
22*Ra 
C.C. 0 .47  
Sig.  0 :055  . ‘ 
N  17
226R a /2J8U • n ' 
C.C. - 0 . 3 4  
Sig.  0 .1 7 6  
N  17
^ R a / ^ U  
C . C. -0V29  
Sig .  0 . 2 4 9  
N 17
^ R a / 22*Ra 
C.C. - 0 . 4 7 ” 
Sig.  0 .051  
N 17
2^ U  Ex. Cation.  
C.C. - 0 . 1 6  
Sig.  0 .5 3 5  
N 17
226Ra Ex.Cat ion .
•* c . c .  0 : 2 0  1
Sig.  0 . 4 3 0  
N 17
22iRa Ex .Cat ion .  
C.C. 0.41  
Sig.  0 .1 0 2  
N 17
2oSU Eas .O x .O rg  
C.C. 0.51  
Sig.  0 . 0 3 6  
N  1 7 ■
226Ra Eas.Ox.Org. 
C.C. 0 .32  
Sig.  0 . 2 1 0  
N-l-7-
^ R a  Eas.Ox.Org." 
C.C. - 0 . 0 4  
Sig.  0 . 8 6 8  
N 17-
23 *U Fe O x ides  
C.C. 0 .5 6  
Sig.  0 . 0 1  8 
N 17
ZZbRa Ee O x ides  
C .C .0 .7 9 * *  
Sig.  o . o o o - - 
Ñ 17
228Ra Fe O x ides M oisture . .  _ 
C.C. 0 .30  ’ 
S ig , - 0,23-7. -, 
N 17
pH 
C.C. - 0 . 1 3  
Sig.  0 .6 0 9  
N 1 7
Eh 
C.C. 0 .04  
Sig.  0 . 8 9 7  
N 13
Cation Ex.  Cap.  
C.C. 0.51  
Sig.  0 . 0 3 6  
N 17
H um ic  ac ids  
C.C. - 0 . 0 3  
Sig.  0 . 8 9 6  
N 17
Non humic  ac ids  
C.C. - 0 . 1 9  
Sig.  0 .4 6 5  
N. 17-
Organic mater ia l  
C.C. - 0 . 0 1  * 
Sig.  0 . 9 7 0  
N. 1.7.
Iron 
C.C. - 0 . 2 7  
Sig.  0 . 2 7 9  
N 1.7
M a n g a n es e  
C.C. - 0 . 2 2  
Sig.  0 . 3 7 9  
N 1.7 • ,
Total  Lab. 23*U 
C.C. 0 .48  
Sig.  0,05-0 
N 17
Total  Lab. 226Ra  
C.C. 0 .7 4 * *  
Sig.  0 .001  
N 17
Total  Lab. 22*Ra 
C.C. 0 .7 9 * *  
Sig.  0 , 0 0 0  
N 17
Table  xxv i i .  C orrelat ion  matrix for 228Ra: Iron Oxides .  C.C.  
Correlat ion c o e f f i c ien t .  (S pearm ans) ,  Sig.  S ig n i f i c a n c e  (2 Ja i led )^  N 
- number o f  data po in ts .  A ster isk s  d en o te  s ig n i f i c a n t  correla t ion  at the  
0 ..0.L l e v e l  (2  ta i led).
224
C o rre la t io n  M atr ix  for M o is tu re .
C.C. - 0 . 5 2  
Sig.  0 .8 0  
N 25
226Ra " 
C.C. - 0 . 3 8  
Sig.  0 . 1 8 9  
N 25
228Ra  
C.C. - 0 . 0 5  
Sig.  0 :790  
N 25
226R a / 2JiiU —, 
C.C. - 0 . 4 9  
Sig.  0 . 0 IT H 
N 25
^ 8 R a/238u
c . c :  - o . i  5
Sig.  0 . 4 7 4  
N 25
226R a / 22*Ra 
C.C. - 0 . 5 3 * *  
Sig.  0 , 0 0 6  
N 25
23*U Ex. Cation,  
c . c ;  0 .4 7  
Sig.  0 .051  
N 17
226Ra Ex .Cat ion ,  
c . c :  0 .7 9 * *  » 
Sig.  0 . 0 0 0  
N 17
228Ra Ex.Cat ion.  
C.C. 0 .44  
Sig.  0 .0 7 4  
N 1 7
23*U Eas .O x .O rg  
C.C. 0 .6 5 * *  
Sig.  0 . 0 0 4  
N -17  •
226Ra Eas.Ox.Org. 
C.C. 0 .3 9  
Sig.  0 . 1 1 7  
N -17
228Ra Eas.Ox.Org. 
C.C. 0 .45  
Sig.  0 .0 6 5  
N- 17-
2JSU E e .O x id es  
C.C. 0 .7 7 * *
Sig-. 0 . 0 0 0
N 17
226R a.F e  Oxides.  
C.C. - 0 . 1 6  
Sig.  0 . 5 3 5 -  
N 17
. 228Ra. F.e O x ides  
C.C. 0 .3 0  
Sig: 0 .23  7 
N 17'
M ois tu re
pH
C.C. - 0 . 4 0  
Sig.  0 .043  
N 25
Eh 
C.C. 0 . 0 1  
Sig.  0 . 9 4 9  
N 21
Cation Ex.  Cap.  
C.C. 0 :63**  
Sig.  0 .001  
N 25
H um ic  ac ids  
C.C. o . 7 0 * *-| 
Sig.  0 . 0 0 0  
N 25
Non humic  ac ids  
C.C. 0 .7 7 * *  
Sig.  0 . 0 0 0  
N 25..
Organic  material  
C.C. 0 .8 6 * *  
Sig.  0 . 0 0 0  
N. 2 5 .
Iron 
C.C. - 0 . 5 6 * *  
Sig.  0 . 0 0 4  
N 25
M a n g a n es e  
C.C. - 0 . 7 9 * *  
Sig.  0 . 0 0 0  
N.2.5
Total  Lab. 23*\J 
C.C. 0 .7 7 * *  
Sig.  0 . 0 0 0  
N 17
Total  Lab. 226Ra 
C.C. 0 . 1 2  
Sig,  0 , 6 3 9  •
N 17
Total  Lab. 22*Ra 
C.C. 0 .55  
Sig.  0 . 0 2 0 -  
N 17
Table  x x v i i i .  Corre lat ion  matrix for M oisture .  C.C. - Correlat ion  
c o e f f i c i e n t  (Spearm ans) ,  .Sig.  - S ig n i f i c a n c e  ( 2  ta i l ed) ,  N - number  
o f  data po in ts .  A ster isks  d e n o te  s ig n i f i c a n t  correla t ion  at the 0 . 0 1  l e v e l  
( 2  ta i led).
225
C o rre la t io n  .Matrix.,  for pH.
C.C. 0 6 6**  
.S ig .  0 . 0 0 0  
N 25
226Ra  
C C 0 . 7 0 * *  
Sig.  0 . 0 0 0  
N 25
Ra
C.C. 0 . 7 0 * *  
Sig.  0 . 0 0 0  
N 25
226R a /213*U 
C.C. - 0 . 2 1  -i 
Sig.  0 . 2 9 2  
N 25
^ R a / ^ U  
C.C. - 0 . 3 8  
Sig.  0 . 0 5 4  
N 25
226R a /22*Ra- 
C.C. 0 .2 0  
Sig.  0 .321  
N 25
23*U Ex. Cation.  
C.C. 0 .6 2 * *  
Sig.  0 . 0 0 8  
N 17
226Ra Ex.Cat ion .  
C.C. 0 .45  1 
Sig.  0 . 0 6 4  
N 17
228Ra Ex .Cat ion .  
C.C. 0 .45  
Sig.  0 .0 6 5  
N 17
23*U Eas .O x.O rg  
C.C. 0 .5 0  
Sig.  . 0 .0 3 7  
N 17
226Ra Eas.Ox.Org. 
C.C. 0 .4 0  
Sig.  ,0.103  
N 17
228Ra Eas.Ox.Org. 
C.C. 0 .1 9  
Sig.  0—45.7_
N 17 !
23*U Fe O x ides  
. C.C. - 0 . 0 5  
Sig.  0 . 8 3 6  
N  1-7
226Ra Fe O x ides  
C.C. - 0 , 1 7 .  
Sig.  0 . 5 0 8  
N 1 7"
228Ra Fe O x ides  
C.C. - 0 . 1 3  
Sig.  0 . 6 0 9  
N"!7*-
M ois tu re  1 
C.C. - 0 , 4 0 - . ,  
Sig.  0 .0 4 3  «, ! 
N 2 5
pH Eh
C .C . - 0 .5 7 * *  
Sig.  0 . 0 0 6  
N 21
Cation  Ex. Cap: 
C.C. - 0 . 2 3  
Sig.  0 . 2 5 2  
N 25
H um ic  acids'^ 
C.C. - 0 . 1 3  : 
Sig.  0 . 5 0 9  ~ 
N 25
N on humic  ac ids  
C.C. - 0 . 5 2 * *  
Sig ,  0 .0 0 7  
N 25
Organic  material  
C.C. - 0 . 3 4  
Sig,  0 . 0 9 6  
N 25
Iron
C .C .0 . 5 1 * *  
S i g , 0 . 0 0 9  
N 25
M a n gan ese  
C.C. 0 .39  
Sig,  0 . 0 5 0  
N 2 5  "
Total  Lab. 238U 
C.C. 0.31  
Sig.  0 . 2 1 4  
N 17
Total  Lab. 226Ra 
C.C. 0 .17  
Sig.  0 . 4 9 6  
N'l-7
Total  Lab. 22*Ra 
C.C. 0 .18  
Sig.  0 . 4 6 9  
N 1-7-
Table  xx ix .  Correlat ion matrix for pH. C.C - Correlat ion c o e f f i c i e n t  
(S pearm ans) ,  Sig. - S ig n i f i c a n c e  (2 ta i led ) ,  N - number o f  data 
points .  A ster isk s  d en o te  s ig n i f i c a n t  corre la t ion  at the 0.01 l e v e l  (2 
ta i l ed) .
226
JC o rre la t io n  M atr ix  for Eh.
23 “u
C.C. - 0 . 3 6  
Sig.  0 .1 0 5  
N 21
226Ra  
C.C. - 0 . 2 4  
Sig.  0:151  
N 21
22K-r>Ra
C.C. - 0 . 3 7  
Sig.  0 . 0 9 4  
N 21
- ■ 226R a/2JXU -, 
C.C. 0 .40  1 
Sig.  0 . 0 7 2  'j 
N 21
^ « R a/ ^ * u
C.C.’ 0 .22  
Sig.  0 . 3 3 7  
N 21
226R a /22*Ra 
C.C: 0.20"  
Sig.  0 . 3 8 4  
N 21
Tà*\J Ex.  Cation.
c : c : - o . 7 3 * *  
Sig.  0 . 0 0 4  
N 13
226Ra Ex .Cat ion .
c e :  - 0 : 5 7  ~ 
Sig.  0 . 0 4 0  
N 13
228Ra Ex.Cat ion .  
C.C. - 0 . 5 0  
Sig.  .081  
N l '3 -
Eas.  Ox.Org  
C.C. - 0 . 5 8  
Sig.  0 . 0 4 7  
N 13
226Ra Eas. Ox.Org. 
C.C. - 0 . 4 2  
Sig.  0 .1 5 3  
N 1-3
228Ra Eas Ox.Org? 
C.C. - 0 . 2 6  
Sig.  0 . 3 8 8  
N 13-
238U F e .O x id e s  
C.C. - 0 . 0 3  
Sig." 0 . 9 0 0  
N 13
226Ra. F.e Oxides.  
C.C. 0 . 0 0 8  
Sig.  0 . 9 7 9  
N 13
22*Ra.Ee.  O x id e s  
C.C. 0 . 0 4 ,  
Sig; 0 . 8 9 7  
N 13
M o is tu re .....
C .C .0.01  
S igr  0 :9 4 9  
N 21
pH
C .C . -0 .5 7 * *  - 
Sig.  0 . 0 0 6  
N 21
Eh Cation Ex.  Cap.  
C.C. 0.11  
Sig.  0 . 6 2 8  
N 21
H um ic  ac ids  
C.C. 0 1 4  * ] 
Sig.  0 .5 2 3  
N 21
N on hum ic  ac ids  
C.C. 0 .09  
Sig.  0 . 6 7 0  
N 21
Organic  material  
C.C. 0 .08  
Sig.  0 . 7 2 6  
N 21..
Iron 
C.C. - 0 . 2 1  
Sig.  0 .3 5 5  
N 21. .
M a n g a n e s e  1 
C.C. 0 .00  
Sig.  0 .9 7 8  
N  21 _
Total  Lab. 2:3SU  
C.C. - 0 . 4 8  
Sig.  0.09.6 
N 13
Total  Lab. 226Ra  
C.C. - 0 . 3 1  
Sig.  0 .301  
N 13
Total  Lab. 22*Ra 
C.C. - 0 . 2 3  
Sig.  0 , 4 4 2  
N 13
Table  xxx.  C orrelat ion  matrix for Eh. C.C. - Correlat ion c o e f f i c i e n t  
(Spearmans) , .  Sig.  - S ig n i f i c a n c e  (2 ta i led ) ,  N  - number, o f  .data 
, po in ts .  A ster isks  d en o te  s ig n i f i c a n t  corre la t ion  at the 0 .01 l e v e l  (2  
ta i led).
227
\C o rre la t io n  M atr ix  for C a t ion  E x c h a n g e  Capac i ty .
M!(u
C.C. - 0 . 0 3  
Sig.  0 . 8 6 8  
N 25
226Ra • 
C.C. - 0 . 2 6 8  
Sig.  0 :2 6 9  
N 25
22*Ra 
C.C. - 0 . 0 3  
Sig.  0 .861  
N 25
226Ra/2^ U ...,
C.C. - 0 . 1 7  ■ 
Sig.  0 :4 0 2  -  
N 25
22*Ra/2JiiU 
C.C. - 0 . 2 0  
Sig.  0 .3 2 5  
N 25
226R a / 22*Ra
c . c :  - 0 . 1 7
Sig.  0 .391  
N 25
23*U Ex. Cation.  
C .C .0 . 2 6 2  
Sig.  0 . 3 0 9  
N 17
226Ra E x .C at ion .  
C.C. 0.41 "! 
Sig.  0 . 0 9 7  
N 1 7 '
22XRa Ex .Cat ion .  
C.C. 0.51  
Sig.  0 .033  
N 17
2J*U Eas .O x .O rg  
C.C. 0 .6 0 * *  
Sig.  0 .1 0  
N 17 •
226Ra Eas.Ox.Org. 
C.C. 0 .45  
Sig. 0 .0 6 8  
N 17
22*Ra Eas.Ox.Org. 
C.C. 0 .36  
Sig. 0 . 1 4 9  
N  1 7
2'8U Ee O x id e s  . 
C.C. 0 .3 9  
Sig-. 0.12-1 
N 17
. 226Ra.Ee...Oxides . 
C.C. 0 .4 2  
Sig.  0 .0 8 8  
N 17
22iiRa. Ee O x id e s  
C.C. 0.51  
Sig. 0 . 0 3 6  
N 17
M o is tu re  n 
C.C. 0 .6 3 * *  : 
Sig. 0 .001  -, 
N 25
pH
C.C. - 0 . 2 3  
Sig.  0 . 2 5 2  
N 25
Eh 
C.C. 0.11  
Sig.  0 .6 2 8  
N 21
Cation  Ex.  Cap. Humic  ac ids  
C.C. 0 .5 7 * *  ’i 
Sig. 0 .0 0 3  
N 25
N on humic  ac ids  
C.C. 0.41  
Sig.  0 .0 3 8  
N  25
Organic material  
C.C. 0 .6 3 * *  
Sig.  0 .001  
N 25
Iron 
C.C. - 0 . 4 7  
Sig.  0 .0 1 8  
N, 25
M a n g a n e s e  " 
C.C. - 0 . 5 6 * *  
Sig.  0 .0 0 3  
N .25
Total  Lab. 2j*U 
C.C. 0 .52  
S i g . 0 .031  
N 17
Total  Lab. ZZ(,Ra  
C.C. 0 .6 7 * *  
Sig.  0 .003  
N 17
Total  Lab. 22*Ra 
C.C. 0 .7 2 * *  
Sig.  0 .001  
N 17
-,
Table  xxx i .  C orrelation  matrix for Cation E x c h a n g e  Capacity .  C.C. - 
C orrelation  c o e f f i c i e n t  (S pearm ans) ,  Sig.  - S ig n i f i c a n c e  (2 ta i l ed) ,  N 
- number o f  data points .  A ster isk s  d en o te  s ig n i f i c a n t  correla t ion at the  
0.01 le.vel (2 ta i l ed).
228
C o rre la t io n  M atr ix  for H u m ic  Acids .
J^ u
C.C. 0 .16  
Sig.  0 .5 2 5  
N 25
226Ra- 
C . C . - 0 . 1 5 
Sig.  0 :450  
N 25
2'2*Ra • 
C .C .0 .05  
Sig.  0 . 8 1 0  
N 25
R-a/ U- , 
C .C . -0 .3 6  
Sig.  0 .0 7 3  -■ 
N 25
228R a /238U 
C .C . -0 .4 2  
Sig.  0 .0 3 5  
N 25
226R a/228Ra 
C .C . -0.1 9 
Sig.  0 .3 5 5  
N 25
■23*U Ex. Cation.  
C.C. 0 .1 4  
Sig.  0 . 5 7 0  
N 17
226Ra E x .C at ion .  
C C 0 .6 4 * *  I 
Sig.  0 .0 0 5  
N 17
228Ra Ex.Cat ion .  
C.C. 0 .35  
Sig.  0 . 1 6 7  
' N-1-7-
238U Eas .O x .O rg  
C .C .0 .4 7  
Sig.  0 . 0 5 4  
N--17-
226Ra Eas.Ox.Org. 
C.C. 0 .2 7  
Sig.  0 . 2 9 0  
N-1-7-
228Ra Eas.Ox.Org: 
C.C. 0 .24  
Sig.  0 . 3 4 7  
N-1-7
238U Fe O x ides  
C.C. 0.51  
Sig.  0 .03  5 
N 17
226Ra Fe „Oxides.  
C .C . -0 .5 0  
Sig.  0 . 0 4 0  
N 17
228Ra Fe O x id e s  
C .C . -0 .03  
Sig.  0 . 8 9 6  
N 17
M oisture  
C .C .0 .7 0 * *  
Sig.  0 . 0 0 0  -, 
N 25
pH
C .C . -0:13  
Sig.  0 . 5 0 9  
N 25
Eh 
C : C : 0.1 4 
Sig .  0 .5 2 3  
N 21
Cation Ex. Cap.  
C .C v0 .57** -  
Sig.  0 .003  
N 25
Humic  ac ids
Non hum ic  ac ids  
C.C. 0 .46  
Sig.  0 .0 2  
N  25
Organic  material  
C.C. 0 .8 5 * *  
Sig.  0 . 0 0 0  
N  25
Iron 
C .C . - 0 .4 2  
Sig.  0 . 0 3 4  
N  25.
M a n g a n e s e  " 
C.C. - 0 . 6 1 * *  
Sig.  0 .001  
N 2.5
Total  Lab. 23*U 
C.C. 0 .4 6  
Sig.  0 .0 5 8  
N 17
Total  Lab. 226Ra 
C.C. - 0 . 2 1 1  
Sig.  0 . 4 1 7  
N 17
Total  Lab. 228Ra  
C.C. 0 .2 2  
Sig.  0,3 90-  
N 17
i
Table  xxx i i .  C orrelat ion  matrix for H um ic  Acids .  C.C. - Correlat ion  
c o e f f i c i e n t  (Spearm ans) ,  Sig.  - S ig n i f i c a n c e  (2 ta i led ) ,  N - number  
o f  data po in ts .  A ster isk s  d en o te  s ig n i f i c a n t  corre lat ion  at the 0.01 le ve l  
(2 J a i l e d ) .
i
229
C o rre la t io n  M atr ix  for Non H um ic  Acids
C .C . -0 .2 9  
Sig.< 0 . 1 5 6  
N 25
226Ra  
C .C . -0 .58  
Sig.  0 . 0 0 2  
N 25
22*Ra 
C .C . -0 .21  
Sig.  0 .3 0 8  
N 25
226R a/23*U--,  
C .C . -0 .23  
Sig.  0 .2 5 3  i 
N 25
22*Ra!2S*V 
C.C. 0.1 0 ‘ 
Sig.  0 . 6 2 2  
N 25
2Z5R a / 22*Ra 
C .C . - 0 .4 0  
Sig.  0 .0 4 5  
N 25
23*U Ex. Cation.  
C .C .“ 0.5 9 
Sig.  0 .1 2  
N 17
226Ra Ex .Cat ion .  
C C .  0 .23  
Sig.  0 .3 5 8  
N 17
228Ra Ex.Cat ion .  
C.C. - 0 . 1 7  
Sig.  0 . 4 9 7  
N  17
2-*U Eas .O x .O rg  
C.C. - 0 . 1 0  
Sig.  0 . 9 7 0  
N - 17
226Ra Eas.Ox.Org. 
C .C . - 0 .1 4  
Sig.  0 .5 7 3  
N -17
22*Ra Eas.Ox.Org? 
C.C. 0 .05  
Sig.  0 . 8 2 2  
N 17 ]
2J*U F .e O x id e s  
C.C. 0 .13  
Sig.  0 . 5 9 6  
N 1 7
22bRa F.e O x ides  
C .C . -0 .4 0  
Sig.  0 . 1 1 2  
N 17
22*Ra Ee Oxides. .  
C.C. - 0 . 1 9  
Sig.  0 . 4 6 5 -  
N 17
.. M ois ture .  
C .C .0 .7 7 * *  ! 
Sig. 0 :0 0 0  -, 
N 25
pH
C .C . -0 :52**  
Sig.  0 . 0 0 7  
N 25
Eh 
C.C. 0 :09  
Sig.  0 . 6 7 0  
N 21
Cation  Ex. Cap.  
C .C .0 .41  
Sig.  0 . 0 3 8  
N 25 '
H um ic  ac ids  
C.C. 0 .4 6  - 
Sig.  0 . 0 2 0  
N 25
Non humic  ac ids Organic material  
C.C. 0 .8 1 * *  
Sig.  0 . 0 0 0  
N.2.5 .
Iron 
C.C. 0 .5 8 * *  
Sig.  0 . 0 0 2  
N 25..
M a n g a n e s e   ^
C.C. - 0 . 6 7 * *  
Sig.  0 . 0 0 0  
N- 25.
Total  Lab. 25*\J 
C.C. 0 .12  
Sig.  0 . 6 3 9  
N 17
Total  Lab. 226Ra  
C.C. - 0 . 3 2  
Sig.  0.198 .-  
N 17
Total  Lab. 228Ra  
C.C. 0 .22  
Sig,  0 . 3 9 0 .
N 17
Table  x x x i i i .  Correlat ion matrix for N on  H u m ic  Acids .  C.C.  
Correlat ion c o e f f i c i e n t  (S pearm ans) ,  Sig.  - S ig n i f i c a n c e  (2..taiLed),i N 
- number o f  data points .  A ster isks  d e n o te  s ig n i f i c a n t  corre lat ion  at the  
0.01 l e v e l  (2 ta i led).
230
C o rre la t io n  M at r ix  for O rgan ic  Mat ter.
23*u
C .C . -0 .6 4  
Sig.  0 . 7 6 2  
N 25
226Ra ' 
C .C . -0.41  
Sig. 0 . 0 3 7  
N 25
2z*Ra 
C.C. - 0 . 3 8  
Sig.  0 .8 5 8  
N 25
226R a /2:58U , 
C.C. - 0 . 3 9  
Sig.  0 .05  2- -, 
N 25
2'z*Ra/m U 
C .C . - 0 .1 7  
Sig.  0 . 3 9 2  
N 25
226R a / z2TrRa
c : c . - o . 4 i
Sig.  0 . 0 4 0  \ 
N 25
2:^ U  Ex.  Cation.  
C.C. 0 .47  ‘ 
Sig.  0 .0 5 5  
N 17
226Ra Ex .Cat ion .  
C.C. 0 .7 1 * *  i 
Sig.  0 .001  
N 17 n
22*Ra Ex.Cat ion.  
C .C .0 .3 0  
Sig.  0 . 2 4 2  
N- 17
23*U Eas .O x .O rg  
C .C .0 .5 6  
Sig.  0 .18  
N - 17-
226Ra Eas.Ox.Org. 
C .C .0 .3 4  
Sig.  0 . 1 8 2  
N-17
zzsRa Eas.Ox.Orgj 
C .C .0.21  
Sig.  0 .4 0 5  
N- 1-7
2T*U. F e .O x id e s  
C.C. 0.53  
Sig.  0 . 0 2 6  
N 17
226Ra Fe  O x ides  
C.C. 0 .45  
Sig.  0 .0 6 8  
N 1-7
^ 2"Ra.F.e O x ides  
C.C. - 0 . 0 1  
Sig. 0 :9 7 0  
N 17
M ois tu re  
C .C .0 .8 6 * *  ■ 
Sig.  0 . 0 0 0  , 
N 25
pH 
C.C. -0 .34  
Sig.  0 . 0 9 6  
N 25
Eh
■ C.C. 0:08  
Sig.  0 :726  
N 21
Cation Ex. Cap.  
 ^ • C .C . 0 .6 3 * *  
Sig.  0 .001  
N 25
Humic  ac ids  
C.C. 0 . 8 5 * * -  
Sig.  0 . 0 0 0  
N 25
Non humic  ac id s  
C.C. 0 . 8 1 * *  
Sig.  0 . 0 0 0  
N 2.5.
Organic m ater ia l Iron
C.C. - 0 . 6 2 * *  
Sig.  0 .001  
N. 25.
M a n g a n e s e  ", 
C.C. - 0 . 7 8 * *  
Sig.  0 . 0 0 0  
N 2.5.
Total  Lab. Z“8U 
C.C. 0 .5 6  
Sig.  0.018-  
N 17
Total  Lab. ZZ6Ra 
C.C. - 0 . 1 2  
Sig.  0.626-  
N 17
Total  Lab. zz*Ra 
C.C. 0 .23  
Sig.  0 ,3 6  
N 17
Table  xxx iv .  Correlat ion  matrix for Organic  Material .  C C - Correlation  
c o e f f i c i e n t  (Spearm ans) ,  Sig. - S i g n i f i c a n c e  (2 ta i led ) ,  N - number  
o f  data po in ts .  A ster isks  d en o te  s ig n i f i c a n t  corre lat ion  at the 0.01 l e v e l  
(2 ta i l ed) .
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C o rre la t io n  M atr ix  for Iron.
C.C. 0.31  
Sig.O’. 125  
N 25
226Ra • 
C.C. 0 .40  
Sig.  0 .0 4 5  
N 25
Ra
C.C. - 0 . 1 3  
Sig.  a : 9 5 i  
N 25
226R a /2138U. -, 
C.C. 0 .15  ■ 
Sig.  0 . 4 7 0  i 
N 25
228R a /238U  
C.C. - 0 . 2 2  
Sig.  0 . 2 8 2  
N 25
226R a / 228Ra  
C.C. 0 .4 4  
Sig.  0 . 0 2 7  
N 25
238U Ex. Cation.  
C.C. 0 .1 7 3  
Sig.  0 . 5 0 7  
N 17
226Ra Ex .Cat ion .  
C.C. - 0 . 1 0  . 
Sig.  0 .6 8 0  
N 17 1
228Ra Ex.Cat ion .  
C .C . -0 .25  
Sig.  0 . 3 1 7  
N 17
2J8U Eas .O x .O rg  
C.C. - 0 . 1 8  
Sig.  0 .4 6 8  
N 17
226Ra Eas.Ox.Org. 
C .C . -0 .41  
Sig.  0 . 1 0 0  
N 17
ZxRa Eas. Ox. Org.1 
C .C .0 .32  
Sig.  0 . 2 1 0  
N 1-7 ì
238U. Ee O xides  
C .C . -0 .08  
Sig; 0.757-  
N 17
226Ra F e .O x id e s  
C .C . -0 .0 8  
Sig.  0 .751  
N 17
228Ra Fe O x ides  
C .C . - 0 .2 7  
Sig.  0 . 2 7 9  
N 17
M ois tu re  
C .C . -0 .56**"  
Sig.  0 :0 0 4  ; 
N 25
pH
C .C .0 .5 1 * *  
Sig.  0 . 0 0 9  
N 25
Eh
, C .C . -0 .21  
Sig.  0 .3 5 5  
N 21
Cation Ex.  Cap.  
-  C.C. - 0 : 4 7  
Sig.  0 . 0 1 8  
N 25
Hum ic  ac ids  
C.C. - 0 . 4 2  i  
Sig.  0 . 0 3 4  
N 25
Non hum ic  ac ids  
C.C. - 0 . 5 8 * *  
Sig.  0 . 0 0 2  
N  25 .
Organic  material
C.C. - 0 . 6 2 * *  
Sig.  0 .001  
N. 2 5 .  .
Iron M a n g a n es e  
C.C. 0 .6 9 * *  
Sig.  0 . 0 0 0  
N 25
Total  Lab. 2:38U  
C.C. 0 .3 4  
Sig.  0 . 1 7 4  
N 17
Total  Lab. 226Ra  
C .C .0 .2 8  
S i g . -0 .265  
N 17
Total  Lab. 228Ra  
C.C. - 0 . 1 8  
Sig.  0.480-  
N 17
Table  xxxv .  C orrelat ion  matrix for Iron. C.C. - C orrelat ion  c o e f f i c i e n t  
( S p e a r m a n s ) , . Sig.  - S ig n i f i c a n c e  (2 ta i l ed) , . .N  - number.  oL d a ta
points .  A ster isks  d en o te  s ig n i f i c a n t  corre lat ion  at the 0.01 leve l  (2 
ta i led).
C o rre la t io n  M atr ix  for M anganese .
C.C. 0 .23  
Sig.  0 .2 6 5  
N 25
2260Ra
C .C .0 .5 4
Sig.  0 .0 0 5
N 25
22*Ra 
C .C . 0 .0 4  
Sig.  0 .841  
N 25
ZZ()R a /23*U--- 
C .C .0 .3 2  • 
Sig.  0:1 19  ^
N 25
zz*Ra/2J*U 
C .C . -0 .1 2  
Sig.  0 . 5 6 4  
N 25
226R a / zz*Ra 
C .C . 0 .5 7 * *  
Sig.  0 .0 0 3  
N 25
23‘U Ex. Cation.  
C .C . - 0 .1 9  
Sig.  0 . 4 4 8  
N 17
226Ra E x .C at ion .  
C .C . - 0 .6 0 * *  
Sig.  0 . 0 0 6  
N 17
228Ra Ex.Cat ion .  
C .C . -0 .55  
Sig.  0 .021  
N T  7
ZS*XJ Eas .O x .O rg  
C .C . - 0 .5 0  
Sig.  0 . 0 3 9  
N 1-7-
226Ra Eas.Ox.Org. 
C .C . - 0 .4 7  
Sig.  0 . 0 5 6  
N 1 7
2ZKRa Eas.Ox.Org- 
C .C . -0.11  
Sig.  0 . 6 5 2  
N - 1 7
2"*U Fe O x ides  
C .C . -0 .28  
Sig.  0 . 2 6 4  
N 17
226Ra Ee O x ides  
C .C .0 .1 8  
Sig.  0 :4 8 0  
N 17
228Ra Fe O x ides  
C .C . - 0 .2 2  
Sig.  0 . 3 7 9  •
N 17
M ois tu re  
C .C . -0 .7 9 * *  • 
Sig.  0 . 0 0 0 ^  
N 25
pH 
C .C .0:39  
Sig.  0 . 0 5 0  
N 25 '
Eh
c . c . o . o o -
Sig.  0 . 9 7 8  
N 21
Cation Ex.  Cap.  
C .C . -0 .5 6 * *  
Sig.  0 .0 0 3  
N 25
H um ic  ac ids  
C C. - 0 : 6 1  ** ; 
Sig.  0 .001  
N 25
N on hum ic  ac ids  
C .C . -0 .6 7 * *  
Sig.  0 . 0 0 0  
N 25
Organic  material  
C .C . - 0 .7 8 * *  
Sig.  0 . 0 0 0  
N 25 .
Iron 
C.C. 0 .6 9 * *  
Sig.  0 . 0 0 0  
N 25
M a n g a n e s e  1
Total  Lab. 23 8U 
C.C. - 0 . 3 5  
Sig.  0 .1 5 8  
N 17
Total  Lab. 226Ra 
C.C. - 0 . 1 4  
Sig.  0.593-  
N 17
Total  Lab. 22*Ra 
C.C. - 0 . 3 6 5  
Sig.  0 . 1 4 9  
N 17
•
Table  x x x v i .  C orrelation  matrix for M a n g a n ese .  C.C. - Correlat ion  
c o e f f i c i e n t  (S pearm ans) ,  Sig.  - S ig n i f i c a n c e  (2 ta i led ) ,  N - number  
o f  data po in ts .  A ster isks  d en o te  s ig n i f i c a n t  corre lat ion  at the 0.01 l e v e l  
(2 ta i l ed) .
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C o rre la t io n  M atr ix  for To ta l  L a b i l e  238U.
C.C. 0 .9 2 * *  
Sig.  0 . 0 0 0  
N 17
226Ra- 
C .C . 0 .63  
Sig.  0 . 0 0 6  
N 17
228Ra- 
C .C .0 .7 5 * *  
Sig.  0 .001  
N 17
226R a /238U- -- 
C .C . - 0 .8 6 * *  
Sig.  0 :0 0 0  i 
N 17
228R a /238U  
C .C . - 0 .7 5 * *  
Sig.  0 . 0 0 0  
N 17
226R a / 228Ra  
C .C . - 0 .6 9 * *  
Sig.  0 . 0 0 2  
N 17
238U Ex. Cation.  
C.C. 0 .4 6  
Sig.  0 . 0 5 9  
N 17
226Ra Ex .Cat ion .  
C. c:  o: 78 **■''■■ 
Sig.  0 . 0 0 0  
N 1 7
228Ra Ex.Cat ion .  
C .C .0 .6 0 * *  
Sig.  0 . 0 1 0  
N 17
238U Eas .O x .O rg  
C.C. 0 .8 8 * *  
Sig.  0 . 0 0 0  
N  17
226Ra Eas.Ox.Org. 
C .C . 0 .5 0  
Sig.  0 . 0 4 0  
N - 17
228Ra Eas. Ox. Org. 
C .C .0 .3 9  
Sig.  0 . 1 1 9  
N 1-7
238U Fe O x ides  
C .C . 0 .26  
Sig.  0 . 3 0 2  
N 17
226Ra Fe O x ides  
C .C .0 .1 7  
Sig.  0 . 5 0 4  
N 17 .
228Ra Fe O x ides  
C .C .0 .4 8  
S ig . - 0 . 0 5 0  ■
N 17
M ois tu re  
C.C. 0 .7 7 * *  
Sig.  0 . 0 0 0  
N 17
pH 
C .C .0.31  
Sig.  0 .2 1 4  
N 17
Eh 
C .C . -0 .4 8  
Sig.  0 . 0 9 6  . * 
N 13
Cation Ex. Cap.  
C .C .0 .5 2  
Sig.  0 .031  
N 17
Humic  ac ids  
C .C .0 /4 6  , 
Sig.  0 .0 5 8  
N 17
N on hum ic  ac ids  
C.C. 0 .12  
Sig.  0 . 6 3 9  
N  1.7..
Organic  material  
C.C. 0 .56  
Sig.  0 .0 1 8  
N -L7.
Iron 
C.C. 0 .3 4  
Sig.  0 . 1 7 4  
N. 1.7
M a n g a n e s e  1 
C.C. - 0 . 3 5  
Sig.  0 .1 8 8
N  1.7.
Total  Lab. 238U Total  Lab. 226Ra  
C .C .0 .4 2  
Sig.  0 . 0 9 2  •
N 17
Total  Lab. 228Ra  
C.C. 0 .7 2 * *  
Sig.  0 .001-  
N 17
Table  x x x v i i .  C orrelat ion  matrix for Total L ab i le  238U. C.C - 
C orrelation  coe f f i c ien t .  (S pearm ans) ,  Sig.. - S ig n i f i c a n c e  (.2 tailed.)^ N  
- number o f  data po in ts .  A ster isk s  d e n o te  s ig n i f i c a n t  correla t ion  at the  
0.01 l e v e l  (2 ta i led).
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C orre la t io n  M atr ix  for To ta l  L a b i l e  226Ra.
■ 23*u  
C.C. 0 .22  
Sig.  0 . 3 9 2  
N 17
226Ra- 
C.C. 0 .2 2  
Sig.  0 . 3 8 2  
N 17
228Ra  
C .C .0 .3 0  
Sig.  0 .2 2 8  ‘ 
N 17
^ R a / ^ U .  
C .C . -0 .1 7  
Sig.  0.504- i 
N 17
22*Ra/2J*U 
C .C . -0 .1 7  
Sig.  0 . 4 9 2  
N' 1 7
226R a / 22*Ra 
C C - 0 . 2 3  
Sig.  0 . 3 9 0  
N 17
2J*U Ex. Cation.  
C.’C. 0 .0 4  
Sig.  0 . 8 7 4  
N 17
m Ra Ex .Cat ion .  
C .C .0 .2 9   ^
Sig.  0 . 2 5 4  
N 17
228Ra Ex .Cat ion .  
C .C .0 .45  
Sig.  0 . 0 7 0  
N -17
2J*U Eas .O x .O rg  
C .C .0 .53  
Sig.  0 . 0 2 6  
N 17-
226Ra Eas.Ox.Org. 
C .C . 0 .5 2  
Sig.  0 . 0 2 9  
N  17
22*Ra Eas. Ox. Org. 
C.C. 0 .15  
Sig.  0 . 5 6 6  
N -17
2^U. Fe  O xides  
C .C .0 .8 6 * *  
Sig.  0 . 0 0 0  
N 17
226Ra,.Fe O x ides  
C .C .0 .8 6 * *  
Sig.  0 . 0 0 0  ■ 
N 17
228Ra Fe O x ides  
C .C .0 .7 4 * *  
Sig.  0 .001  
N 17
Moisture .
c . c . 0 . 1 2  :
Sig.  0.6-39 i 
N 17
pH
C .C .0:17  
Sig.  0 . 4 9 6  
N 17
Eh  
C .C . -0:31  
Sig.  0 .301  
N 13
Cation Ex. Cap.  
C.C. 0 .6 7 * *  
Sig.  0 .0 0 3  
N 1 7
Humic  ac ids  
C .C . -0 .21  
Sig.  0 . 4 1 7  
N 17
Non hu m ic  ac ids  
C .C . -0 .3 2  
Sig.  0 .1 9 8  
N, 1.7
Organic material  
C .C . 0 .12  ' 
Sig.  0 . 6 2 6  
N. 17
Iron 
C .C .0 .2 8  
Sig.  0 .2 6 5  
N 1.7
M a n g a n e s e  1 
C.C. - 0 . 1 4  
Sig.  0 .5 9 3  
N. 1.7
Total  Lab. 23*U 
C .C . 0 .4 2  
Sig.  0 . 0 9 2  
N 17
Total  Lab. 226Ra Total  Lab. 22i5Ra  
C.C. 0 .7 1 * *  
Sig.  0 .001  
N 17
Table  x x x v i i i .  Correlat ion matrix for Total  L ab i le  226Ra. C.C. - 
Correlat ion  c o e f f i c i e n t  (Spearm ans) ,  S ig . .  - S ig n i f i c a n c e  (2 . ta i led) ,1 N 
- number o f  data points .  A ster isk s  d enote  s ig n i f i c a n t  correla t ion  at the
0.01 leve l  (2 ta i led).
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C o rre la t io n  M at r ix  for To ta l  L a b i l e  228Ra
C.C. 0 .5 7  
Sig.  0 . 0 1 7  
N 17
226Ra  
C.C. 0 .49  
Sig.  0 /0 4 5  
N 17
22*Ra 
C .C .0 .55  
Sig.  0 . 0 2 0  
. N 17
226R a /23*tf 
C .C . -0 .55  
Sig.  0 . 0 2 2  ] 
N 17
' ^ » R a / ^ u  
C .C . -0 /47  
Sig.  0 .0 5 2  
N 17
226R a /22*Ra 
C .C . ' 0 . 5 2  
Sig.  0 . 0 3 0  
N 17
2^ U  Ex. Cation.  
C .C .0 .1 6  
Sig.  0 . 5 2 2  
N 17
2i6Ra Ex .Cat ion .
c : c :  o . 5 2  '• 
Sig.  0 . 0 3 0  
N 17
228Ra Ex.Cat ion .  
C.C. 0 .6 9 * *  
Sig.  0 .0 0 2  
N- 17-
*38U Eas .O x .O rg  
C .C .0 .7 4 * *  
Sig.  0 .001  
N 17
226Ra Eas.Ox.Org. 
C .C .0 .4 9  
Sig.  0 . 0 4 6  
N 1-7
m Ra Eas.Ox.Org.1 
C .C .0 .3 6  
Sig.  0 . 1 5 2  
N • 1-7-
2 8^U Fe O x ides  
C .C .0 .6 7 * *  
Sig.  0 .0 0 3  
N 17
226Ra. F e .O x id e s  
C .C . 0 .55  
Sig.  0 .021  
N 17
. 22iiRa Ee. O x ides  
C.C. 0 .7 9 * *  
Sig.  0 . 0 0 0  
N 17
M ois tu re   ^
C .C .0 .55  
Sig-.- 0 : 0 2 0 '
N 17
pH 
C .C .0 .18  
Sig.  0 . 4 6 9  
N 17
Eh 
C .C . -0:23  
Sig .  0 .4 4 2  
N 13
C ation  Ex. Cap.  
C: C. 0 .7 2 *  
Sig.  0 .001  
N 17
Humic  ac ids  
C. C. 0 :22  i 
Sig. 0 .3 9  : 
N 17
Non hum ic  ac ids  
C .C .0 .2 2  
Sig.  0 .3 9  
N 17
Organic  material  
C .C .0 .23  
Sig.  0 .3 6 3  
N 1.7
Iron 
C .C . -0 .1 8  
Sig.  0 . 4 8 0  
N 1.7
M a n g a n es e  1 
C .C . -0 .3 6  
Sig.  0 . 1 4 9  
N 17
Total  Lab. 2J8U  
C.C. - 0 . 7 2 * *  
Sig.  0 .001  
N 17
Total  Lab. 226Ra  
C .C .0 .7 1 * *  
Sig.  0 .001  
N 17
Total  Lab. 22*Ra
Table  x x x ix .  Correlat ion  matrix for Total  L a b i l e  228Ra. C.C. - 
Corre lat ion  c o e f f i c i e n t  (Spearm ans) ,  Sig.  - S i g n i f i c a n c e . (2. tailed.)^ N 
- number o f  data points .  A ste r i sk s  d e n o te  s ig n i f i c a n t  corre lat ion  at the
0.01 l e v e l  (2 ta i led).
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APPENDIX 4.
Amersham International pic 0 /  j Ç//-// j  ^
A m e rsh a m  Labora to rie s  } 1 (  • T  I /  ;>
CALIBRATION
No. 0146
Principal radionuclide: Radium-226 Product code: , R4Y.24 
Solution number: R9/50/151
Reference time: 1200 GMT on 2 January 1991
Radioactive concentration of radium-226:' 4.499 kilobecquerels per gram of solution
which is equivalent to: 121.6 nanocuries per gram of solution
Mass of solution: 5.0676 grams
Total activity of radium-226: 22.80 ki lobecquerels
which is equivalent to: 616 nanocuries
Recommended half life: 1600 years
Method of measurement:
The activity of the solution was measured in a high pressure re-entrant ionisation chamber 
calibrated with a large number of absolutely standardized solutions.
Overall uncertainty in the radioactive concentration quoted above: t  3.7 %
Random uncertainty: ± 0.7 % Systematic uncertainty: t 3.0 t
The limits of overall uncertainty were taken as the arithmetic sum of the uncertainty due to 
random v a n  at ions y calculated at the S9.77J confidence level, tn^ sstiusatcd s ys ' c
uncertainties in the measurement.
ionuclidic The estimated activities of any radioactive impurities found-by high-resolution gamma ray
ity spectrometry, or in any other examination of the solution, are listed.below expressed as
percentages of the activity of the principal radionuclide at the reference time.
mical Carrier free in 0.5M HC1
position
arks At the reference date radium-226 was shown to be in radioactive equilibrium with its daughter
nuclides down the decay chain to polonium-214 and thallium-210, the-precursors of lead-210.
The ionisation chamber was - calibrated using a standard supplied by the National Sureau of
Standards, Washington DC. USA.
This product meets the quality assurance requirements of NRC Regulatory Guide 4.15 for 
achieving implicit NIST traceability as defined in NCRP 58 (1985).
jroved
jnatory
G .O.M.Parker Page 1 of 1 Amersham
This certificate is issued in accordance with the conditions of accreditation granted by ihe National Measurement Acced'tsücn Service..wh.c 
has assessed the measurement capability of the laboratory and its traceaoi:1:-/ to --.at'onai standards sr,o to the units of
'Treasurerrent realised at the co rrespond;na natonai standards laboratory Cop>' o’ t c e r : - ’ c? ‘e :s owne3 V.-r-V-} by rhs 3r-t;sh Crown
IN T E R N A T IO N A L  ATOM IC EN ER G Y  A G EN CY  
A G EN C E IN T E R N A T IO N A L E  DE L’E N E R G IE  A TO M IQ U E 
M E)KjDtyHAPO£HOE A TEH TCTBO  ÎIO ATOM HOÎ* 3H E PT H H  
O R G A N ISM O  IN T E R N A C IO N A L  DE E N E R G IA  ATOM ICA
WAGRAMERSTRASSE 5, P.O.BOX 100, A-1400 VIENNA, AUSTRIA 
TELEX: M 2645, CABLE: INATOM VIENNA, FACSIMILE: 43 222230U 4, TELEPHONE: (222)2360
.Y PLEASE REFER TO: DI AL DIRECTLY TO EXTENSION:
DE RAPPELER LA REFERENCE: COMPOSER DIRECTEMENT LE NUMERO DE POSTE:
352-G4.12 November 1988
REFERENCE SHEET
IAEA-152 Milk Powder 
for
Radionuclides
A. Description and preparation of the material
A bulk samples of approximately 500 kg (20 sacks of about 25 kg each) 
of milk powder with elevated radioactivity was collected from a processing 
plant. These twenty sacks were all from the same batch process. Thus, 
they were assumed to be as homogeneous as possible. Nevertheless, a pre­
liminary homogeneity testing of every two sacks for l^Cs and 13 ^ Cs
was performed before bottling in approximate portions of 250 grams. In
order to assure long-term stability of the material, all bottles were
sterilized by gamma-ray irradiation of about 2.5 x 10^ Gy using a 
6^Co source.
The final homogeneity testing (after bottling) was performed on 12 
bottles from different sacks as follows:
bottles A and B - six measurements each of 250 grams 
bottles C and D - three measurements each of 250 grams 
bottles E to L - one measurement each of 250 grams
Considering the results of ^ 4Cs and ^ 7 cs from the above and
employing the Student’s t-test it was found that they did not differ by 
more than 3% of the mean value and thus this material can be considered 
homogeneous for these components for a sample size of greater or equal to 
250 grams. <
B. Criteria for recommended values and confidence intervals*
The overall mean values (excluding data that was detected and
rejected as outliers) were considered as the recommended values when
1) more than ten laboratory means were available
2) the percentage of outliers was less than 20% and
3) the results of the A and B intercomparisons are mutually con-
, sistent (i.e; the mean value for A falls within the confidence
interval for B and vice versa).
C . Recommended values and confidence intervals for radionuclides in
-  2 -
IAEA-152 (Milk Powder)
Radionuclide Recommended Value Confidence Interval**
(Bq/kg) (Bq/kg)
134Cs 764 722 - 802
137-Cs 2129 2053 - 2209
40k 539 5 1 0 - 5 7  4
90Sr 7.7 7.0 - 8.3
** Based on the outermost confidence intervals of the A and B
intercomparison for a significance level 0.05
Reference date: 31 August 1987.
D . Important Mote
The analysts using the Reference Material IAEA-152 are kindly 
requested to communicate their . meaningful analytical results on this 
material to;
International Atomic Energy Agency
Laboratory Seibersdorf
Analytical Quality Control Services
P.O.Box 100, A-1400 Vienna, Austria
These results may be used in the future for an updating of the re­
commended values which are the best estimates as of September 1988.
Finally, a detailed description of results of the intercomparison 
and of the criteria used for their qualification has been published in 
IAEA/AL/009. This report is free of charge upon request.
* Please note that these criteria are designed especially for this
report and do not apply in general.
jSSARIAT À  l ' ÉNERGIE ATOMfQUE
DAMRI
DIRECTION DES TECHNOLOGIES AVANCÉES
ETALON MELANGE MULTIGAMMA
SOLUTION ETALON : 9ML01-ELMA60 N° : 4980
DATE DE REFERENCE: 01-10-96 à 12 H T.U.(3)
DESTINATAIRE :
COMMANDE N° :
RAD IONUCLE IDE ACTIVITE 
MASSIQUE 
Bq g-1 (1)
INCERT * 
GLOBALE 
- en%(8)
24lAm 3.971E+04 4
lQ9cd 2.070E+05 5
57CO 1.028E+04 4
139Ce 9.634E+03 4
51cr 3.920E+05 4
H 3 Sn 6.042E+04 in
85Sr 3.952E+04 4
137Cs 5.878E+04 4
60CO ■ 5.860E+04 4
88y 5.845E+04 4
Qrenvois voir note jointe
DAMRI/LMRI BP 52 - 91193 G1F-SUR-YVETTE CEDEX FRANCE 
TEL : 33 (1} 69.08.25.13 - FAX : 33 ( 1 ) 69.08.26.19
a a w is s a r ia t  a  l 'é n e r g i e  a t o m iq u e
DAMRI
DIRECTION DES TECHNOLOGIES AVANCÉES
ETALON MELANGE MULTIGAMMA
SOLUTION ETALON : 9ML01-ELMA60 
DATE DE REFERENCE: 01-10-96 
DESTINATAIRE :
COMMANDE N ° :
RADIONUCLEIDE ENERGIE 
en (keV)
INTENSITE 
ABSOLUE % 
k=l
FLUX MASSIQUE 
PHOTONIQUE 
4PI sr.s-lg-1
INCERT. 
GLOBALE 
en%(8) 
k=3
^ ^ A m 59.537 ± 0.001 35.9 ± 0.4 1.426E+04 3
109cd 88.034 ± 0.002 3.65 ± 0.06 . 7.556E+03 4
57Co 122.0614 ± 0.001 85.68 ± 0.13 8-808E+03 3
57Co 136.4743 ± 0.001 10.67 ± 0.13 1.097E+03 3
139ce 165.857 ± 0.006 79.87 ± -0.06- 7.694E+03 3
51cr • 320.0842 ± 0.001 9.85 ± 0.09 3.861E+04 3
H 3 Sn 391.702 ± 0.004 64.89 ± 0.17 • 3.921E+04 3.5
85Sr 514.009 ± 0.012 99.29 ± 0.04 3.924E+04 3
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Abstract
22 g 23 8
This paper presents  the results  o f  a study into the anomalous  Ra/^ U
22 6 2 3 8disequil ibr ium^ Ra/. U. o f  0.5 - 9) exhibi ted by an upland organ ic .so i l  
in Co. D o n e g a l ,  Ireland. Radiochem ica l  sp ec ia t ion  o f  226Ra, 238U and 
228Ra indicates that in this organ ic  soi l  the high 226R a /238U ratio is 
due to loss  o f  238U re lative to 226Ra via ox idat ion  and mobil i sa t ion^of  
238U in the upper layers o f  the so i l  and subsequent  loss  in solution: At
23 8 2 2 6the lower ,  more reducing depths o f  the soi l  profi le ,  U and Ra are 
essent ia l ly  in- equilibrium. L o s s  o f  238U appears to occur primarily-from  
the_ easi ly  ox id ised  organic .and.  iron, ox id e . f rac t ion s  ,o f  the soiL,. sampLps 
exhibit ing high 226R a /238U ratios displaying s ign if icant ly  lower 238U 
leve ls  in these fractions than samples  w h o s e  ratio is b e low  the average  
value for the soi l  o f  the valley.  S e le c t iv e  enrichment o f - 226Ra by-plants  
or. preferential  leaching . of. 226Ra. from, the underlying. ,  rock  is^ not 
supported  by the results  o f  this study.
Keywords ; Radionuclides;  Redox;. Disequil ibrium; Soil;  Ireland
1. Introduction
Although.. identi f ied as .a reg ion .of .  anomalous_ natural  radioactivity_in  
the past (Irish B ase  Metals ,  1979 ) ,  the Cronamuck V alley  in the  
Barnesmore Mountains ,  Co. D o n e g a l ,  Ireland has been shown to contain  
regions  o f  anomalous  226R a /238U disequil ibrium ( O ’D ea  & D ow dal l ,
242.
1999),  so i l  samples in these  regions  exhibit ing ratios o f  b e tw een  0.5 - 
9.0. This paper out l ines  the results  o f  a s tudy into the nature and causes
i
o f  this disequil ibrium and presents  a l ikely mechanism to account  for the  
ratios observed  in samples drawn froffLthe.ar.eas.
Prev ious  work into the nature and cause  o f  238U series  disequil ibrium  
has resulted in the identi f icat ion o f  a number o f  p ro ces s e s  by which the  
radionucl ides  o f  the 238U ser ies  may be brought- into disequil ibrium.  
Ivanov ich .  ( .1994) highlights. ..  four processes.,  that may produce  
disequil ibr ium in the surfical  environment: p rec ip i ta t ion /d isso lu t ion ,
alpha, recoil, . ,  d if fus ion . and., the Szilard-.Chalmers .. effect .  - Pract ical  
inves t igat ions  o f  226R a /238U disequil ibrium typical ly  highlight  
prec ip itat ion and d is so lu t ion  as the primary cause.  Uranium is mobile  
under, oxid is ing  . condit ions  whereas -radium. and. thorium are essent ia l ly  
immobile in the surfical  environment (Landstrom & Sundblad, 1986).  
The differing., m ob i l i ty ’s. o f  these  radionucl ides ,  has prev ious ly  h^en 
identif ied as causing disequil ibrium in young organ ic  uranium d epos i ts  
(Zie l inski ,  et al, 1986 ,  Lev inson  et al,„ 1984) .  Megumi (.1979) supports  
this hypothes is  by assert ing that disequil ibr ium in the 238U decay series  
(prior to 222Rn) is due primarily to the immobil ity  o f  230Th. Greeman and 
R o s e  (1.990) studied radioactive  disequil ibrium in the 238U series, for a 
number o f  soi ls ,  and conc luded  that in the surface hor izons  o f  some■ "i
so ils ,  226Ra ex ce s s  could  be attributed to the cycl ing  o f  226Ra by plants,  
leading to an increase in the i s o to p e  re lative to 238U. V on  Gunten et al 
(1 996)  observed  226Ra act iv i t ie s  a factor  o f  20 above  the- activ ity^of  238U 
in a karst reg ion  o f  Switzer land and proposed- that,, f o l l o w in g .c o n t in u o u s  
weathering o f  ca lc ite  particles ,  uranium was los t  from the soi l  as the 
so luble  carbonate complex ,  226Ra being retained within the soil,  de Jong  
et al ( 1 9 9 3 )  hypothes i sed  that the 226R a /238U disequil ibrium i n , a 
Saskatchew an so il  was probably due to the mode o f  depos i t ion  o f  the  
parent material  rather, than, subsequent  seLective leach in g .o f .  members o f
243
the series.  Titaeva  and V eksler  (197.7)  d iscuss  the poss ib i l i ty  o f  226Ra 
ex ce ss  being due to the dep os i t ion  o f  226Ra from water onto  the surface  
o f  weathered  . particles but. of fer  no c o n c lu s iv e  proof.  Ivanov ich  „and 
Harmon ( 1 9 9 2 )  state  ca tegor ica l ly  that in so i l s  subject  to leaching,  tlie 
primary cause o f  radioact ive  d isequil ibr ium is. .the.  removal.  of.  uranium 
re lative to thorium and immobile daughters.
The areas o f  anomalous  226R a /238U disequil ibrium within,  the Cronamuck  
V alley  as reported by O ’D.ea and. D o w d a l l .  (L999) ,  consis t ,  o f  lo.caLis.ed 
areas (< 100 m diameter) lying at the b ottom  o f  the valley.  They are
typically fou n d .a t  the conf luence ,  of. watercourses ,  within .the.  v a l l e y  and
!
exhibit  concomitant  e levated  leve ls  o f  natural radionucl ides .  The aim o f  
the. study- whose. ,  results ,  are reported in this,  paper. . was . the  
characterisation o f  the disequil ibr ium condit ion  o f  one such area and the  
invest igat ion  . o f  poss ib le  causes, for;. the 226R a /238U ratios exhib ited,  by 
samples o f  soi l  from the area. In order to fully e luc idate  the dis tribution
o 2 6 23 8 228o f  ~ Ra, U and' Ra at the site a number o f  depth sec t ions  were  
taken, and subjected to a sequentia l  chemical  extract ion  procedure.  A 
range, o f  c h e m ic a l  .parameters,  of. the. s o i l  were  also,  analysed. .  The  
primary radioanalytica l  method was  High  R e s o lu t io n  Gamma Ray
s_p_ectro.m^try.
!
2. M e t h o d s
Resul ts ,  were  obtained .for. two.  depth sec t ion s  taken from  a . s e lec ted  
reg ion o f  e levated  natural radioactiv ity .  Two sample sites  were s e lec ted  
from w ith in  th e  . region, ,  the sites being, denoted  , as. A  and .B.- Xhe 
sec t ion s  were sampled by depth rather than hor iz on  as l i tt le or no 
h or izon  development ,  was, , evident  within . the.  peat. S ec t ion s  w.eje 
obtained by excavat ing  a pit to the bedrock (< I'm in both cases )  and 
sampling one wall o f  the pit at incremental  ..depths o f . 1 5  . cm .  Samples
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cons is t ing  o f  10 -15 kg (wet  w eight )  were  bagged  and removed to the  
laboratory . A number o f  randonL samples  were  also, taken in. order^to  
obtain information on the disequil ibr ium cond it ion  at different points  
within the general  area (Fig.  l a . ) .  These  samples were .all d raw n from 
the basal layers o f  the peat, at the rock - so i l  interface.  ’
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Figure la.  L oca t ion  o f  sampling points.  S ite  A and Site  B denote  depth  
sect ions .  Numbered locat ions  d en ote  individual samples.
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RadiologicaL Analysis
Samples  were  dried at 101° C to a constant  mass, d is saggreg^ted  
using,  a. rubber, s top p er  and sieved,  through, a 2 .m m .  mesh,  s ieve. .  Tjie 
samples were then packed into 11 Marinell i  re-entrant beakers for  
gamma, analysis ..  The. liquid extracts,  produced during, the chemical  
spec iat ion  o f  the radionucl ides  were  reduced,  where  necessary,  to 1 1 by 
e vap orat ion  and placed in L 1 Marinell i  re-entrant beakers ._ The^se 
beakers were sea led  with thick p o lye th y lene  tape and stored for a period  
in excess ,  o f  30 days to a l low  for radon, ingro.wth. Samples  were counted  
on a high purity germanium detector  linked to a 8 k multichannel  
analyzer incorporating,  the. Genie-PC so f tware  suite from .Canberra. The  
system was calibrated with a N IST traceable mixed radionucl ide  
standard solution.  (.Commissariat, a L ’Energie.  A tom ique ,  9ML.0.1- 
E L M A 60)  and errors due to differing matrix dens it ie s  were avoided  
using the calibrat ion p roced ures .descr ibed  by N em eth  a n d P a r s a  (L9.9.2). 
Calibrations were checked  using IAEA  R eferen ce  Material  152. Count  
times,  were  long enough, to. ensure, a 2 a  count ing  .error o f  less. than. 1.0^ %. 
The peaks uti l i zed for analysis  o f  so i l  samples were the 63 keV and 92
keV peaks o f  the daughter 234T h f o r  238U and the 911 keV and 969  IjeV 
peaks  o f  228Ac for 228Ra activity. .  226Ra was. determined via the 1.86_keV
235 226 * 233 fpeak o f  U and Ra having corrected  for the U contr ibut ion as 
fo l lows:
Counts  due to 235U = A 235uCTR u E l86W
A 235U is the act iv i ty  o f  235U (equal to the sp ec i f ic  act iv i ty  o f  238U
1
divided by 2 1 . 4 ) ,  C t  is the count t ime in secon d s ,  Ru is the emiss ion  
probabil ity o f  235U at 186 ke-V, -Ei86 is the count ing  e f f ic ien cy  of^the  
d e t e c t o r  s y s t e m  at. 186 keV. and..W. is^the. sample mass in grams.
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Analysis  o f  the liquid ex tracts  differed in that equil ibrium o f  234Th with
238U could not be assured.  The samples were  sea led  for a period long
226 222enough to ensure equil ibrium b etw een  Ra, Rn and its gamma  
emitting,  daughters (>3.0 days).  The activity,  o f  226Ra. was . then  
determined via the em iss ions  o f  214Bi (295  keV, 609  keV and 1120 keV)  
and 214Pb (242  keV).  The peak at 186 keV was then corrected  in a
* 2 3 5 23 8similar manner to above  to determine U and hence  U, The ability  
o f  the Marinell i  beakers to retain radon under the analytical  condit ions  
em ployed  was  confirmed using a NIST traceable 226Ra standard so lut ion  
( R 9 /5 0 /1 5 1  from Amersham I n te r n a t io n a l i z e ) .
Sequentia l  Extract ions
The. methods  used by Greeman.and R ose .  ( 1 9 9 0 )  were adapted to carter 
for large samples and employed  to determine the chemical  nature o f  the  
radionucl ides  w i th in  the_,peat.  The„ samples.  used f o r . t l i e  sequentia l  
extractions  were 100 g port ions  o f  the so i l  mass used for gamma  
analysis .  .The. entire s o i l  mass was  riff led to obtain  a random portion,  
this being crushed to a f ine powder  in a stain less  stee l  mill. The three  
fract ions  were  extracted~as follows^
100 g o f  f inely ground so il  was placed in a 11 acid washed  plastic  
bott le  with 600  ml o f  extract ion  solution.  The bot t le  was shaken for 1-hri
and the mixture was then centr ifuged at 10 k rpm for 600  s. The  
supernatant was .stored and. th e . s o l id  materiaLwas„resuspended in 3QQ-jnl 
o f  dist i l led  water and shaken for 1200  s before  being centri fuged at 1 O' k 
rpm , for. 600. s. Supernatants  were . .bulked, , . f i l tered.  th_rough__ a 0 .4 .5 .^m  
f ilter,  made up to one liter and sea led  for gamma analysis .  All 
extractions  were done at 20°C except  for Fe ox ides  which y e r e  
performed at 80°C.. The extracting so lu t ions  were as. fo l lows:
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E xchangeab le  cations
1 M magnesium chloride,  pH 6 with HNO3 
Eas i ly  oxidisable  organic  matter 
5% sodium.hypochlori te , .  pH. 6„ with HNO3 
Fe  oxides
50 g/I o f  sodium dithionite.  in a 0.3 M sodium ci trate/  0.2 M sodium  
bicarbonate buffer.
C hem ica l  Analys is
1
A. number , o f  chemica l  parameters,  for. each, sample were determined.  
The samples for analysis  (with  the except ion  o f  th ose  for pH and Eh)
were,  extracted,  from.the  riff led so i l .m ass  used.for. .gamma analysis .
1j
pH .
pH. vaLues for. the. soils,  were., determined in. situ. A.smaLL h o l e - w a s  
made in the soil  into which the e l ec trod e  was inserted.  In cases  where, a 
good, contact  between .  th_e electrode,  and the soil, water  was. not made,^ a 
small amount o f  dist i l led  water was added. The reading was taken after  
a. 10 minute equ i l ibrat ion  period.
Eh.
A. portable. Eh meter  was ut i l ized ,  to determine the. Eh_ status.  o£ . th e
1
soil  in a similar manner to the pH determinat ion,  the e lectrode  being left  
f o r . u p t o  1.0 minutes in.the so i l . to  aLlo.w equil ibrium.to  occur.
Total  iron and manganese
Approximately  l . g .  o f  finely, ground. soiL was. d iges ted  w i th  5 m l . o f  a 
3:1 H C I / H N O 3 mixture and boiled for 1 hr. The mixture was f il tered  
through, glass,  fiber, f il ter paper before . being. fiLtered with. a.. 0.45^ ¡um
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filter. The so lu t ion  was then made up to 100 ml. Both  metals  were  
analyzed by AAS.
Cation exchan ge  capaci ty  (CEC)
4-6  s  o f  so i l  was mixed with 33 ml o f  1 N N aO A c and shaken for 3.00£>- 1
s. The supernatant was removed after centri fuging at 10 k rpm for 600  
s. The. cyc le ,  was  repeated  three- t imes.  T h e . s o i l  was t h e n  mixed.  w.ith__33 
ml o f  p r o p a n -2 -o l ,  this cyc le  being repeated three t imes. The so il  was  
then mixed with 33 ml o f  N H 4OAc,. this cyc le  also  being repeated three  
t imes ,  the three N H 4OAC supernatants were  f i l tered (0 .45  |J.m),
combined, ,  a n d - th e n  .brought,  up- to_ 10.0 ml.. The. N a . - c o n ten t -o f^  this  
so lut ion  was measured by f lame photometry.
Organic matter content
Organic matter w as-determined  as-the-loss* on ignit ion at 500° C-for 4 
hr.
Humic ac id-content
1
Approximately  1 g . o f  ground soil  was mixed with 50 ml o f  0.5 M 
NaOH and shaken for 600  s. The mixture was centr i fuged  at 1 0  k rpm 
for 600_ s,. the supernatant-being .discarded. .  The procedure ,  was. repeated  
on the sol id  material  until three c o n s e c u t iv e  supernatants ran clear  
( typica l ly  7 to 8 t imes).  The material  was washed  with three 30 ml 
al iquots  o f  dist i l led  water,  and dried at 101° C. Humic acid content was  
calculated from loss  o f  mass from the soil.
Quality. Control
1
C h e m ica l  analyses.  were .  conducted- subject to. . the regular  
quality contro l  procedures  implemented in the laboratory.  
Reproducib il i ty  o f  results  was a s se s s ed  using replicates,  (three^ o f
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h om ogen ized  samples.  The coe f f i c ien ts  o f  variation were typical ly  less  
than 20% (2 a ) .  The accuracy  o f  the analytical  methods  was checked  
using traceable reference  standards,  spikes and blanks at a typical  
loading o f  5 per 50 analytical  samples.
2. R e s u l t s
Sample pH Eh Fe Mn G.E.C. Humic
Acid
Organic-
Matter
Moisture
Content
A1 3.8 421.0 110600 16700 58.3 13.1 28.9 78.6
A2 4.2 496.0 117700 29400 37.2 14.8 22.6 61.4
A3 4.3 504.0 2110* 43600 38.3 10.9 14.1 56.2
A4 5.7 19.0 143200 21100 42.8 7.8 15.6 55.9
A5 5.7 I O 97900 6450 129.9 7.2 19.8 56.5
A6 4 .9 n/a 90000 43600 3 .7 8 .4 19.7 43.9
A7 5.1 n/a 66500 6950 68 .7 18.4 4 9 .7 81.8
A8 5.4 n/a 147300 14650 46.1 2 0 .6 4 0 .8 80.7,
A9 ,5 .4 n/a 3850 132 40..6 19.2 38 .5 68.4.i
Table 1. Chemical properties of samples taken.from site A.. Units are: Eh.r mV,.Ee_- ppjm, 
Mn - ppm, Cation Exchange Capacity (C.E.C.) - meq / 100 g, Humic Acid - % , Moisture 
Content - % and. Organic matter - %. The Fe value, at for. sample . A3 (denoted by .an 
asterisks) is after removal of concreted iron pan from the analytical sample, total Fe being 
estimated-at-35 %-\iv/w.
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Sample pH Eh Fe Mn C.E.C Humic
Acid
Organic
Matter
Moisture
Content
B1 4.6 220.0 106900 34550 39.8 16.1 32.8 74.3
B2 4.5 190.0 104900 39200 29.9 9.8 19.2 63.1
B3 4.3 190.0 88500 30200 49.8 15.9 29.9 76.5
B4 4.6 300.0 39700 6600 79.2 34.7 38.7 78.5
B5 4.8 165.0. 45100 3060. 58.3 13.1. 36.7 78.6
B6 4 .0  ’ 287- - 7 2 6 0 0 2 5 4 0 0  58 .2 7 .6 . 11.5 51,1-,
B7 5 .7 182 54400 1570- 6 8 .9 37; 1 4 1 .6 78:0|
B8 5 .8 136 6 3 3 0 0 11000  56:7 1-7.2 4 5 .4 77.8^
Table 2. Chemical properties o f samples-taken from site B. Units are: Eh - mV, Fe - ppm,
Mn - ppm,.Cation Exchange Capacity. (.C.E.C.) - meq /1 0 0  g, Humic Acid - %, Moisture
Content - % and Organic matter - %.
Sample U 238 Ra226 Ra228 "i
1(A)- 124.0 201.6 84.68
2 (A ) 132.1 188.3 .79:5 i
3 ( A ) 140.3 175.6 81.0 1
4 ( A ) 110.5 198.7 75.8
1(B) 462.2 271.3 192.4
2 (B ) 390.5 241.8 175.9
3 (B ) 420.1 220.3 180.0
4 (B ) 378.9 205.7 160.2
Table 3. Radionuclide activities for vegetation samples from Site’s A and B. Values in 
Bq/kg ash weight.
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Sample U238 Ra226 Ra228
1(A ) 134.6 145.4 86.1
2(A ) 168.0 150.6 98.2
3(A ) 157.4 132.9 79.2
4(A ) 146.2 128.7 74.6
1(B) 143.2 164.5 98.6
2(B ) 174.1 152.9. 106.7 1
3(B ) 156.2 148.9 1-01,0-
4 (B ) 159,8 127.0 96.2 .
Table 4. Radionuclide activities for rock samples drawn from Site’s A and B. Values i
25.4.
Figure  2. Radiological ,  propert ies  o f  S i te -A .d ep th . . sec t ion  a n d  individual  
samples.  V alues  where  applicable  in Bq/kg  (dry weight) .  N o t e  log axis.
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Figure  3. R ad io lo g ic a l  properties,  o f  Site  B depth sec t ion  and individual  
samples.  Values  where  applicable  in Bq /kg  (dry weight) .  N o t e  log axis.
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Figure 4. Radionuc l ide  lev e ls  present,  in. .association„with_the  
exchangeab le  cat ion  fraction.  Values  in Bq /k g  (dry weight) .
F igure-5 . .R ad ionu c l id e  levels  p res en t  in a s s o c ia t io n  with. the._easily 
oxid isable  organ ic  fraction.  V alues  in B q /k g  (dry weight) .  ’
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Figure 6. Radionuclide  leve ls  present in a s so c ia t io n  with the iron oxides  
fraction.  Values  in Bq /k g  (dry weight) .
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Figure  7. Plot  o f  226Ra^238U against  228R a /238U.
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Figure 8. Plot  o f  to ta l  labile 238U aga ins t -226Ra/-238U.
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Figure  9. Plot  o f  226R a /238U against  mois ture  content  ^ ) .
3» Discussion
T he site se lec ted  for. .th is , study is typicaL.of. . . the-  s ites,  w ithin- the
Cronamuck Val ley  that exhibit  e levated  natural radioactiv ity .  The s ite
con s is t s  o f  a . sh a l lo w .  depress ion  lying at. one o f  the low es t  parts, o f j h e
i
valley  at the con f lu ence  o f  Clogher  Burn river and a small stream. The  
north eas tern  bank o f  . the C logher. Burn, river,, upon which ,  s ite  A__is 
located,  is e levated  som e 30 - 40 cm with respect  to the o p p os i t e  
bank. As a result  o f  this,  the lower depths o f  Site A are only saturated  
for parts o f  the year when the level  o f  water in the depress ion  rises. The  
Lower, depths o f  Site  B remain saturated ,for .  most of.  the. year  (Fig.. Lt}.). 
A distinct,  concre ted ,  iron pan is present at an approxim ate  depth of^30 
- 45 cm at Site  A, indicating the maximum level  o f  stream water within  
the soi l  profi le  at this  locat ion .  This pan is not present at Site  B 
although . amorphous iron Levels are.  a t .  a maximum, at., a. d^pth 
corresponding  with the locat ion  o f  the pan at Site  A.
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226R a /238U ratios range from 9 .10  to 2 .3 2  at Site  A and 4 . 5 0  to 0 .78  
at Site B. The 226R a /238U ratio at both S i t e ’ s A and B appears to reach  
a maximum towards  the upper leve ls  o f  the depth sect ions .  The largest  
value occurs  at the level  o f  Site  A at which iron pan formation is 
evident.  As the act iv i ty  o f  226Ra is less variable with  depth at both sites  
and given the general ly  accepted  concept  that radium is less mobile  than  
uranium in the surfical  environment (Sheppard,  1980 ) ,  it would initial ly  
appear that uranium m obil izat ion  and loss re lative to radium is the cause  
o f  the disequil ibr ium exhibited at these  sites.  This hypothes is  is also
' 22 8 23 8supported by the relat ionship  b etw een  the ratios Ra/ U and 
226R a /238U. Although  no stati s t ica lly  signif icant  correlation exists  
betw een  the two ratios,  a sca t terp lo t  o f  the ratios provides  some  
ev idence  for a p os i t ive  relat ionship  b e tw een  the two parameters
(F-ig V ).
1i
^28 * 232 * 'U sing  “ Ra as an indicator for. . Th, which  may be . cons idered  very  
immobile. . (Landstrom and Sundblad, . 1986) ,  it is poss ib le  to conc lude  
that uranium is similarly deple ted  re lative to. thorium. Samples  
displaying low  226R a /238U ratios all contain .s igni ficant.  a m o u n ts .o f  labile  
238U , . t h e  highest  disequil ibrium values  being a s soc ia ted  with low  levels  
o f  labile 238U ( F i g . 8.) ,  a fact  which also supports  the deple t ion  o f  238U 
in samples with high 226R a /238U ratios.
A dopt ing  an average  226R a /238U .. ratio. o f  1.71.  for. th.e soil,  o f^ th e  
Cronamuck Val ley  (CTDea & D ow d al l ,  1999)  a l low s  for div is ion  o f  the  
data set  on the basis  o f  the samples 226R a /238U ratios being above  or 
b e low  average  for the so i l  o f  the valley.  N one  o f  the chemical  
parameters measured for the so i l  samples ,  except  moisture  content ,  
s h o w  any s ignif icant  d i f ference  b e tw een  the two  groups on the basis  o f  a 
Mann Whitney Rank Sum Test ..The amount o f  226Ra is not s ignif icant ly  
different for either the. eas i ly oxidisable.  organic  fraction (j>=0.31.5) or
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the iron oxides  ( /?=0.802) o f  the tw o  groups  o f  samples.  In samples  
dis.playing.above average  226R a / 238U..ratios? 238U occurrence. . in,the„afore-
mentioned  two fractions has a s ignif icant ly  lower  occurrence  ( /?=0.002  
and p=0.001  resp ect ive ly )  than for samples exhibit ing lower  than 
average  226R a /238U . ratios indicat ing the probable loss o f  238U from  
samples  exhibit ing greater  than average  226R a /238U ratios.
The. apparent loss o f  238U re lative to 226Ra in these  samples appears
'
related to the pos i t ions  o f  the samples re lative to the water level ,  
samples,  that remain saturated for much o f  the year exhibit ing the 
higher 226R a /238U ratios. The most ox id is ing  layers,  based on the  
measured Eh values ,  are found above  the iron pan at Site  A and in the  
surface layers at Site  B. A lthough  there is no stat is t ica l  relationship  
betw een  Eh or /?e+pH  values  and the disequil ibr ium status o f  the  
samples,  a marked transit ion in 226R a /238U values  may be observed  on 
traversing. .the iron pan at Site A. Samples  taken from above  the pan 
(Eh values  > 4 0 0  mV) exhibit  the h ighest  ratios,  samples taken from the  
more reducing lower layers (Eh < 20 mV). having .ratios c loser  to the 
average  for the va ll ey  ( F i g ’s . 2 & 3 ). Given the seasonal f luctuat ion o f  
water . levels  in the depress ion ,  the Eh values  taken in this study are not  
indicative o f  the redox status o f  the so i l  throughout  the year. It is 
ob v iou s  h ow ever  that the samples moisture,  content is related to its
t
disequil ibr ium status ( F i g . 9 ), the two variables having a negat ive  
correlation.
This fact  provides  further ev idence  that the better drained / less  
saturated,  and hence,  more  ox id is ing  soil  leve ls ,  exhibit  greater
2 3 8 22 ^d ep le t ion  o f  U relat ive  to . Ra. T h i s . v i e w . is - supported by_the
i
disequil ibr ium values  o f  the series  o f  random samples  taken from the  
vic in ity  o f  Sites  A and B (Tables  1 & 2, F i g ’s . 2 & 3 ). Samples  A8, A7
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and B7,  taken from the lower  layers within the water saturated  
depress ion ,  all display 226R a / 238U ratios o f  less  than 1.71 ( 0 .6 0  - 
1 .13 ) ,  and. moisture  contents  o f  78 - 82%, in accordance  with the 
hypothes i s  that 238U deple t ion  is less s evere  for samples taken from 
water logged ,  reducing areas. The remainder o f  the random samples  
were all taken from re lative ly  well  drained locat ions ,  with lower  
moisture contents  (43 - 77%) and 226R a /238U ratios in the range 3 to 5.5.
Considering the distribution o f  238U within the soi l  phases  o f  S ites  A 
and B. and the fact  that a re lat ively  small proport ion o f  Site  A ’s 238U 
res ides in the organ ic  fraction,  it appears that 238u  \oss primarily  
from the eas i ly  ox id ised  organic material  o f  the soil.  This observat ion! is  
supported by the ev id e n c e  provided by both profi les  as the proport ion o f  
U 238 present in this fract ion,  tends to increase  on go ing  down the  
profi le ,  as condit ions  becom e increasingly  reducing.
Greeman and R o s e ’s ( 1 9 9 0 )  assert ion  that se le c t iv e  plant uptake may
22 6 238 * ' '  226 ■be responsible  for Ra/ U disequil ibr ium by enriching Ra in the  
surface layers o f  so i l  is not supported  by the results  o f  this study.  There  
is no ev idence  o f  226Ra enrichment, in. the  upper layers o f  either sect ion ,
226Ra act iv i t ie s  being greater with depth by up to a factor o f  2. The
\
average  226R a /238U ratio in plant ash from Site B is 0 .56  and 1 .49 for 
Site  A indicat ing preferential  uptake o f  uranium by vege ta t ion  grow in g  
on peat containing e x c e s s  226Ra. It would  appear unlikely therefore  that  
preferential  uptake and cycl ing  o f  226Ra by vege ta t ion  has given rise to 
the exhib ited  disequil ibrium ratios. Analys is  o f  the underlying rock  
yie lds  no indication  o f  preferential  leaching o f  226Ra (Table 4 . )  which  
may have accoun ted  for the enrichment o f  the overly ing  peat with 226Ra.
22 6 2 3 8A verage  Ra/ U ratios for. rock samples drawn from S i t e ’s B and A 
are 0 .943  and 0 .9 2 5  respect ive ly .
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T h e . con c lus ion  that e levated  226R a /238U ratios (due to leaching o f  
uranium) at this  s ite  are a result  o f  pertaining redox  condit ions  is in 
agreement  with K o c h e n o v  et al ( 1 9 6 5 ) ,  Zie l inski  et al ( 1 9 8 7 )  and B o y le  
(1 9 8 4 ) .  The loss  o f  23 8U from this  fraction as a result o f  soil  redox  
status is o f  concern g iven  the proport ions  o f  238U bound in this manner 
at Site B. Given the fact that a large number o f  such sites  have been  
reported in the Cronamuck Val ley  (Irish B ase  Metals ,  1979) it would  
appear that a signif icant  amount o f  U 238 is therefore  vulnerable  to 
release from the soi l ,  should  .a. change in the redox status o f  the peat  
occur.
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Summary
A sequential chemical extraction procedure was implemented in 
order to ascertain the chemical speciation of 226Ra, 238U and 
228Ra within fractions of an upland organic soil. A number of 
samples and depth cores were taken from a region where the 
soil contains elevated levels of these radionuclides. Sequential 
chemical extractions were employed to identify within which 
of the three soil phases, namely exchangeable cations, easily 
oxidisable organic matter or iron oxides, the radionuclides were 
incorporated. The primary analytical technique was high-resolu- 
tion gamma ray spectrometry. A number of other chemical pa­
rameters likely to affect the mode of occurrence of the radio­
nuclides were also analysed. These included humic acid content, 
iron and manganese content and cation exchange capacity. Re­
sults indicate that the average amount of radionuclides bound as 
exchangeable cations, expressed as a percentage of the specific 
activities of each radionuclide, are: 226Ra — 2.13% (S.D. 2.15), 
238U -  5.2% (S.D. 4.6) and 228Ra -  12.2% (S.D. 7.0). For easily 
oxidisable organic matter, the average percentages are: 226Ra — 
3.2% (S.D. 3.2), 238U -  21.9% (S.D. 18.4), and 228Ra -  8.5% 
(S.D. 8.7). Percentages for iron oxides are 226Ra — 8.7% (S.D. 
7.5), 23aU -5 4 .8 %  (S.D. 22.2) and 22RRa -  19.7% (S.D. 12.9). 
N equals 17 in all cases. The results indicate that the primary 
factor controlling U238 accumulation, and to a lesser extent 226Ra 
and 228Ra, is the redox condition of the peat. Release of radio­
nuclides from the peat could possibly occur via changes in the 
redox status as a result of activities such as forestry or drainage 
of the peat.
Introduction
The aim of the study was to ascertain the chemical 
form of natural radionuclides in an upland organic soil 
exhibiting elevated levels o f these radionuclides. The 
procedure adopted was the sequential chemical extrac­
tion of radionuclides bound to three distinct chemical 
fractions of the soil, namely as exchangeable cations, 
easily oxidisable organic m atter and bound as iron 
oxides. Such procedures have previously been adopted 
for the speciation of radionuclides in soil. Bunzl et al
[1] used the Tessier et al. [2] procedure to determine 
the speciation of radionuclides in the vicinity of a ura­
nium mine. Greeman and Rose [3] modified the Tes­
sier et a l procedure for the speciation of radionuclides 
in soils o f the eastern U.S. Other examples of sequen­
tial chemical extractions as applied to the analysis of 
radionuclides in soils include Voss et al. [4], and Lima 
and Penna-Franca [5].
* Author for correspondence 
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The chemical form of radionuclides in peats and 
organic soils has been the subject o f work by re­
searchers in the past. Szalay [6] concluded that the 
insoluble (in 0.5 M  NaOH) humic acid fraction of peat 
was mainly responsible for the enrichment of uranium 
in peat by a cation exchange process. Although this 
hypothesis has been supported by Titaeva [7], Doi et 
al [8] found that peat whose humic acid com ponent 
had been removed tended to adsorb more uranium 
from solution than peat whose humic acids remained 
intact. Idiz et. al. [9] concur with Szalay, finding that 
uranium is the only metal whose enrichment in peat 
bogs is controlled by the organic component. Halbach 
et al. [10] investigated the role of humic and fulvic 
acids in the mobilization and fixation of uranium in a 
peat bog and concluded that uranium is primarily re­
m oved from ,the granite bedrock as a uranyl fulvate 
complex but.is  fixed in the peat as a uranyl humate 
complex.
A significant num ber o f researchers conclude that, 
at least in some soils, soil iron oxides are the major 
com ponent responsible for uranium enrichment. Low- 
son et al. [11] reported that up to 80%  of the uranium 
in a soil derived from granite bedrock was associated 
with Fe oxides. M egumi [12], using ammonium oxa­
late as the extracting agent, found that up to 50%  of 
uranium in soil was associated with Fe oxides, no 
trend in the proportion being observed with sample 
depth. All researchers conclude that little uranium is 
held as exchangeable cations, Lowson et al. [11] find­
ing less than 1% w hilst M egumi [12] observed values 
less than 0.8% .
Although radium shows little tendency to form 
complexes Schubert et al. [13] and Granger et al. [14] 
showed that it may be expected to replace other diva­
lent cations in replacem ent reactions. Arnold and 
Crouse [15] obtained a correlation between radium ad­
sorption and cation exchange capacity, the leaching 
studies of H avlik et a i [16] supporting the view that 
cation exchange is an important m echanism for radium 
adsorption. M egumi [12] established that, unlike ura­
nium or thorium, radium may have a significant occur­
rence as an exchangeable ion. Nathwani and Phillips 
r 17] showed that organic m atter was the component of 
soil responsible for radium adsorption and that soils 
with a low cation exchange capacity exhibited reduced 
ability for adsorption. Titaeva [7] studied the nature of 
radium bonding in peat and concluded that radium  is
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100 g of finely ground soil was placed in a 11 acid 
washed plastic bottle with 600 ml of extraction solu­
tion. The bottle was shaken for 1 hr then the mixture 
was centrifuged at 10 k rpm  for 600 s. The supernatant 
was stored and the solid material was resuspended in 
300 ml of distilled water and shaken for 1200 s before 
being centrifuged at 10 k  rpm for 600 s. Supernatants 
were bulked, filtered through a 0.45 pm  filter, made 
up to one litre and sealed for gamma analysis. All ex­
tractions were done at 20 °C except for Fe oxides 
which was performed at 80 °C. The extracting solu­
tions were as follows:
E x c h a n g e a b l e  c a t i o n s  
1 M magnesium chloride, pH 6 with H N 0 3.
E a s i l y  o x i d i z e d  o r g a n i c  m a t t e r  
5% sodium hypochlorite, pH 6 with H N 0 3.
F e  o x i d e s
50 g/1 of sodium dithioite in a 0.3 M sodium citrate/ 
0.2 M sodium bicarbonate buffer.
C h e m i c a l  A n a l y s i s
A num ber of chemical parameters for each sample 
were also determined. The samples for analysis (with 
the exception of pH and Eh) were extracted from the 
riffled soil mass used for gamma ray analysis.
PH
pH values for the soils were determined in situ. A 
small hole was made in the soil into which the elec­
trode was inserted. In cases where a good contact be- 
tween the electrode and the soil water was not made, 
a small amount of distilled water was added.
Eh
A portable Eh meter was utilized to determine the Eh 
status of the soil in a similar manner to the pH deter­
mination, the electrode being left for up to 10 minutes 
in the soil to allow equilibrium to occur.
T o t a l  I r o n  a n d  M a n g a n e s e
Approximately 1 g of finely ground soil was digested 
with 5 ml of a 3:1 HC1/HN03 mixture and boiled for 
1 hr. The mixture was filtered through glass fiber filter 
paper before being filtered with a 0.45 pm  filter. The 
solution was then made up to 100 ml. Both metals 
were analyzed by AAS.
C a t i o n  e x c h a n g e  c a p a c i t y  ( C E C )
4 —6 g of soil 'was mixed with 33 ml of 1 N NaOAc 
and shaken for 300 s. The supernatant was removed 
after centrifuging at 10 k rpm for 600 s. The cycle was 
repeated three times. The soil was then mixed with 
33 ml of propan—2-ol, this cycle being repeated three 
times. The soil was then mixed with 33 ml of 
NH4OAC, this cycle also being repeated three times, 
the three NH4OAC supernatants being filtered 
(0.45 pm ) and combined, then brought up to 100 ml. 
The N a content o f this solution was measured by flame 
photometry.
O r g a n i c  m a t t e r  c o n t e n t
Organic matter was determined as the loss on ignition 
at 500 °C for 4 hours.
H u m i c  a c i d  c o n t e n t
Approximately 1 g of ground soil was mixed with 
50 ml of 0.5 M  NaOH and shaken for 600 s. The mix­
ture was centrifuged at 10 k rpm  for 600 s, the super­
natant being discarded. The procedure was repeated on 
the solid material until three consecutive supernatants 
ran clear (typically 7 to 8 times). The material was 
washed with three 30 ml aliquots of distilled water, 
and dried at 101 °C. Humic acid content was calculated 
from loss of mass from the soil.
Q u a l i t y  c o n t r o l
Chemical analyses were conducted subject to the 
regular quality control procedures implemented in the 
laboratory. Reproducibility of results was assessed 
using replicates (three) of homogenized samples. The 
coefficients of variation were typically less than 20%  
(2a). The accuracy of the analytical methods was 
checked using traceable reference standards, spikes 
and blanks at a typical loading of 5 per 50 analytical 
samples.
Results
Table 1. Radionuclide activities (Bq/kg) for site E. Depth given 
in cm.
Sample Depth 226Ra 2-18U 22«Ra
E 1 0 -1 5 418.0 92.3 20.0
E 2 1 5 -3 0 523.5 109.6 44.2
E 3 3 0 -4 5 515.2 499.3 66.6
E 4 4 5 -6 0 692.4 884.0 107.7
E 5 6 0 -7 5 847.9 737.8 142.1
E 6 6 0 -7 5 320.4 53.1 18.6
E 7 6 0 -7 5 540.0 476.0 123.5
E 8 6 0 -7 5 421.6 115.3 38.8
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Fig. 1. Chemical properties of samples from site E. Units are as follows: Eh — mV, iron — ppm, manganese — ppm, cation exchange 
capacity — meq/100 g, organic matter — % (w/w), humic acid — % (w/w). Horizontal dashed line denotes division of depth core
and individual samples.
Fig. 2. Chemical properties of samples from site A. Units are as follows: Eh — mV, iron — ppm X  10-3, manganese — ppm, cation 
exchange capacity — meq/100 g, organic matter — % (w/w), humic acid — % (w/w). Horizontal dashed line denotes division of
depth core and individual samples.
228Ra has a significant and com parable occurrence 
as an exchangeable cation at both sites, the occurrence 
in the easily oxidized fraction being less than that of
the exchangeable cations for almost all samples. Sim i­
lar to the previous two nuclides, 228Ra has its major
mode of occurrence in the Fe oxide fraction. Assuming 
that, given its short half life relative to soil processes, 
228Ra can be used to infer 232Th levels, it appears that
232Th is bound chiefly to the organic material (ex­
changeable cations +  easily oxidisable fractions) and
Fe oxides.
Averaging the total labile (exchangeable cations +
easily oxidisable organic +  Fe oxides) radionuclide
content for the 17 samples yields values of 12.01% for
226Ra, 81.3%  for 238U and 41.2%  for 228Ra. These fig­
ures appear to confirm  the generally accepted hypo­
thesis that Ra is relatively immobile in soil and U is 
mobile. 226Ra levels do not exhibit the same amount 
of variation throughout the soil columns as U and Th 
indicating a lower level o f vertical migration than 
either U or Th. The apparent disparity between the
behaviours of 228Ra and 226Ra is probably due to the 
different behaviour of the parent nuclides, 232Th and 
23SU respectively.
The controlling factor for U accumulation would 
appear to be the redox condition of the soils. U is rela­
tively immobile in reducing conditions (+ 4  valency) 
com pared with its mobility in oxidizing conditions 
(+ 6  valency). The majority of samples from site E 
exhibit Eh values lower than 200 mV, indicating re­
ducing conditions, the soils o f site A having Eh values 
of up to 500 mV. The depth section of site E has an 
average 238U activity nearly 5 times greater than that 
o f site A. Further evidence is provided by the fact that 
238U activity increases by a factor of two on going 
from the oxidized upper layers to the more reducing 
lower levels o f the peat. Both sites exhibit similar 
levels o f organic m atter and humic acid, cation ex­
change capacities for both soils also being comparable. 
It would appear that in this region, redox potential of 
the soil is a major factor controlling either the en­
richment or depletion of U within the peat. Activities
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Abstract* M any environmental surveys require the implementation o f  estimation techniques to de­
term ine the spatial distribution o f the variable being investigated. Traditional methods o f interpolation 
and estimation, fo r example, inverse distance squared and triangulation often ignore features o f the 
data set such as anisotropy which may have a significant im pact on the quality o f the estimates 
produced. Geostatistical techniques may offer an improved method o f estimation by m odelling the 
spatial continu ity o f  the variable usin g  sem i-variogram  analysis. The theoretical model fitted to the 
sem i-variogram  is then used in the assignation o f weighting factors to the samples surrounding the 
location to be estimated. Th is paper outlines the results o f a comparison between three common esti­
mation methods, polygonal, triangulation and inverse distance squared and a geostatistical method, in 
the estimation o f so il radionuclide activities. The geostatistical estimation method known as k rig ing 
performed best over a range o f parameters used to test the performance o f the methods. K rig ing  
exhib ited the best correlation between actual and estimated values, the narrowest error distribution 
and the lowest overall estimation error. Po lygona l estimation was best at reproducing the data set 
distribution. Cond itiona l bias was evident in a ll the methods, low  values being over-estimated and 
h igh values being under-estimated.
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1. I n t r o d u c t io n
By necessity, many enironmental surveys are limited to relatively small data sets. 
Such data sets often require the implementation of estimation methods to provide a 
clearer picture than that provided by mere visual inspection of the survey results. In 
many cases estimation methods are applied with little or no regard as to the quality 
of the estimates produced or how they relate to the actual data values. To assess 
how well an estimation procedure has performed in relation to the known data set, 
it is possible to use a jack-knifing procedure involving the elimination of a single 
data value from the data set and then producing an estimate of this value using 
the remaining data points and the chosen method. The data point is then replaced 
and the procedure repeated until all data points have been estimated and a set of 
estimated values and their estimation errors have been produced. Certain features 
of both the set of estimates and the distribution of the associated errors can be used
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T A B L E  I
Parameters of theoretical models 'fitted to the experimental 
sem i-vanograms o f each radionuclide
Fitted model
228Ra
Gaussian
40 K
Gaussian
226Ra
exponential
S il l 750 83 000 18 000
Nugget 0 0 0
Range(m ) 700 750 ,3 000
North-South 400 600 3 000
East-W est 1000 1 100 .3  000
to assess the effectiveness of the estimation method in reproducing the original data 
set. . . .
The data set used in this study consisted of activity values (Bq kg'"1) for the 
natural radionuclides, radium-226 (226Ra), radium-228 (22SRa) and potassium-40 
(40K) for a set of sixty soil samples extracted from a 20 km2 region in County 
Donegal, Ireland, as part of a radiological survey being conducted by the Institute 
of Technology, Sligo. Sample locations were identified using a 1:10 560 (six inch) 
scale map and samples were randomly chosen from within a 300 m radius c ircum -. 
scribed around the location, the random number function of a pocket calculator 
being used to determine a direction and a distance from the centre of the circle. 
In cases where the final sample location coincided with rock outcrop or water, the 
procedure was repeated. The final position of the sample was determined using 
a compass and a tape measure and the easting-northing co-ordinates were noted. 
Samples were sealed in polythene bags and removed to the laboratory for analyr 
sis by high resolution gamma ray spectrometry. All spectra were corrected for 
known interferences and laboratory background. A matrix of sample values and 
co-ordinates was then constructed for subsequent data analysis.
The four estimation techniques chosen were (1) a basic polygonal method,
(2) inverse distance squared, (3) triangulation and (4) the methods embodied in 
the theory of geostatistics. A polygonal estimator can be described as a weighted 
linear combination which results in all of the weight being assigned to the closest 
neighbouring data point. Each known sample location is therefore surrounded by a 
polygon of influence delineated by the perpendicular bisectors of the lines joining 
the sample point and its adjoining points. A basic polygonal estimation procedure 
produces a discontinuous set of estimates in which the value of an estimate changes 
abruptly as the location being estimated moves from one polygon to the next. The 
triangulation m ethod attempts to remove this discontinuity by mathematically de­
scribing the plane that exists between the three samples surrounding the location to
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i»l (m)
F igure  /. Omni-directional sem i-vanograms for (a) 2" 8Ra, (b) 40K  and (c) 2“^Ra.
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T A B L E  n
Summary statistics for actual and estimated 226Ra. Values in  Bq  k g -1  (dry 
weight)
Actua l Poly. Inv. D ist. K r ig ing Actua l Triang.
n 60 60 60 60 ' 49 49
M ean 104.7 110.1 104.5 101.5 114.3 107.02
Std. dev 125.5 130.0 108.2 98.1 133.9 117.2
• Skew. 1.51 1.49 1.38 1.39 1.29 1.43
M in . 4.6 4.6 19.9 14.3 4.6 4.9
20% tile 20.5 19.9 31.5 33.4 18.7 36.8
40% tile 43.0 44.0 39.4 45.3 ■43.2 • 48.75
M edian 47.7 56.8 51.8 58.0 48.5 49.4
60% tile 55.0 72.1 69.2 70.0 72.1 131.6
80% tile 226.0 238.3 146.0 172.0 243.3 403.7
M ax. 479.0 479.0 372.9 362.1 479 414.5
p. coeff. 0.573 0.451 • 0.701 0.628
C .V . (%) 119.9. 118.0 103.5 96.6 117.1 109.2
T A B L E  m
Sum mary statistics for actual and estimated 228Ra. Values in  Bq  kg 1 (dry-
weight) '
Actual Poly. Inv. D ist. K r ig ing Actua l Triang.
n 60 60 60 , 60 49 . 49
M ean 35.1 35.2 34.4 36.5 ■ - 36.7 39.1
Std. Dev. 25.1 23.3 ' 15.0 ’ 17.2 27.2 20.4
Skew. : ,1*93 1.72 1.40 1.10 1.73 0.86
M in . ' 3.2 4.6 14.0 15.3- ' 3.5 8.8 .
20% tile 19.4 19.6' ‘ 23.3 . 23.0 19.2 26.8 -
40% tile  * 27.7 28.0 ' 27.69 ' 26.9 28.0 32.2
M edian 47.7 30.6 29.7 30.4 30.7 33.5
60% tile  ' 33.2 31.0 31.9 - 34.9 34.2 46.4
80%  tile 43.4 43.4 42.8 49.6 ‘ . 47.1 83.0
max. 135.0 117.3 82.9 93.9 135.0 93.69
p. c o e ff., 0.254 0.253 0.604 0.307
C.V . (%) ■71.9 66.2 43.5 47.1 74.16 52.19
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T A B L E  IV
Summary statistics for actual and estimated 40K . Values in  Bq k g " 1 (dry weight)
Actua l Poly. Inv. D ist. K r ig ing Actua l Triang.
n 60 60 60 60 49 49
Mean 526.4 .488.0 498.1 516.3 53!5 501.9
Std. Dev. 278.1 295.1 195.2 170.8 279.2 208.9
Skew. -0.061 ' 0.012 0.40 ' 0.14 -0.12 0.05
M in . 8.0 8.16 103.5 94.8 .8.0 66.1
20%  tile 288.1 162.0 320.6 372.0 30.2 323.3.
40% tile' 459.0 427.2 ' 446.9 481.7 ' 468.8 500,8
M edian 551.3 475.2 492.1 521.1 562.0 516.2
60% tile 597.1 580.3 524.5 560.9 633.9 * 638.5
80% tile 739.5 •' 739.6 618.4 623.1 783.2 843.7
M ax. 1088.0 1088.0 972.5. 975.1 1088.0 1000.3 '
p. coeff. 0.263 0.219 0.338 • ■ 0.222
C .V  (%) . 52.83 60.50 39.10 33.00 51.82 41.62
T A B L E  V
Summary statistics o f estimate errors (actual-estimate) for 
226Ra. Values in  B q  kg -1  (dry weight)
Po lygonal Inv. dist.2 K rig ing Triang.
n 60 60 60 ' 49
M ean 6.05 0.49 0.48 -7.40
. Std. Dev. 118.9 . 96.2 89.6 106.7
Skew. 0.85 • ' -0.25 •. 0.56 -0.71
M in .' -370.0 -354.6 -295.6 -327.8
M edian 5.2 2.9 -0 .4 5.4
M ax. 470.2 298.6 328.5 313.8
M .S .E . 14022.5 9260.9 7902.6 11128.9
M .A .E . 68.8 59.1 51.8 66.8
be estimated. If a sample’s easting and northing co-ordinates are denoted as e and 
n respectively, and the variable value is g, then the equation of the plane joining 
three points, in the form g =  ae  -f bn +  c, can be obtained by solving for a, b and 
c in the set of equations:
a e Y +  bn i +  c =  g i
T A B L E  V I
Summary statistics o f estimate errors (actual-estimate) for 
228 Ra. Values in  Bq  kg-1  (dry. weight)
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Polygonal Inv. dist ? K rig ing Triang.
n 60 60 60 49
Mean 0.32 -0.05 1.30 2.30
Std. dev. 29.7 25.9 20.2 28.5 .
Skew. 0.40 -1.30 -0.93 -0.26
M in . -70.8 -103.9 -71.9 -86 .0
M edian • 0.0 -0 .7 2.9 1.7
M ax. 90.8 475.0 52.0 74.9
M .S .E . 884.6 671.8 \ 406.6 823.9
M .A .E . 19.5 . 17.4 13.7 • 19.2
ae  2 +  bn2 +  c =  g2
ae-i + ' bn3 +  c =  g3
Substitution of the co-ordinate values for the unknown location, into the result­
ing equation yields the estimate value. The method known as inverse distance 
squared involves assigning weights to samples based on the relative distances of 
the samples from the unknown location, using the equation given below:
where g* is the estimated value, gi is the known sample'value and d  is the separa­
tion distance.
Géostatistical methods are those embodied in the theory of regionalized vari­
ables, empirically described by Krige (1951) as a 'means of ore estimation and 
theoretically grounded by Matheron (1970). Géostatistical methods involve two 
distinct stages, modelling of the spatial correlation of the variable. using semi- 
variogram analysis and the estimation of variable values at unsampled locations 
using the method known as kriging. T he semi-variogram is constructed by plotting 
thé semi-variance, y(h) ,  in relation to the distance between sample points, h . The 
semi-variance is calculated according to the equation:
1
Yih)  =  — 'E[zOc,+k) - z ( x iy?
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(a)
(b)
Actual Quantiles (Bq/kg)
Actual Quantiles (Bq/kg)
F igure  2a-c. Quantile-quantile  plots fo r (a) 228Ra, (b) 40K  and (c) 226Ra. A l l  values in  Bq  kg~ l .
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T A B L E  V II
Summary sta tistics o f estimate errors (actual-estimate) for 40K . 
Values in Bq  kg-1  (dry weight)
Polygonal Inv. d is i.2 K r ig ing Triang.
n 60 60 60 49
Mean -29.7 -19.4 -10.1 -36.5
Std. dev. 347.2 -301.2 272.7 309.3
Skew. -0.13 -0 .12 -0.03 0.38
M in . -1000.0 -857.4 -724.6 -710.3
Median • -25.5 -33.1 ’ ^40.8 -30.9
M ax. 989.9 788.0 621.4 755.8
. M .S .E . 121599.1 91239.4 74477.3 97025.5
M .A '.E . 262.1 230.0 211.7 233.49
A ctua l Q ua n tiles  (Bq/kg) 
F igure 2c.
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where n(h) is the number of sample pairs separated by distance, or lag, h and 
— z(x,)] is. the difference between variable values separated by a distance
h.
The resulting plot, termed the semi-variogram, describes the spatial correla­
tion of the data set, the semi-variance typically increasing as the distance between 
samples increases. To describe the spatial correlation, it is necessary to fit a math­
ematical model to the experimental semi-variogram, the model usually being a 
gaussian, exponential or spherical function. The features of most interest in the 
semirvariogram are the maximum semi-variance value, or sill, and the separation 
distance at which the sill is reached, termed the range of correlation. Samples 
separated by a distance more than the range are spatially independant. If the semi­
variance is not equal to 0 at h — 0, then a random component, termed the nugget, 
is present.
The second step in a geostatistical study involves the estimation of variable 
values at unknown locations using a weighted moving average estimation method 
called kriging. Subject to the conditions that the variance of the difference between 
sample values is only a function of the separation distance and that the data set 
approaches a normal distribution, kriging assigns weights to samples according 
to the information provided by the semi-variogram, in a manner that ensures that 
the estimate produced is a best linear unbiased estimator. Point kriging can be 
described by the equation: -
n ' '
¡=1
z*(x0) being the kriged estimate, being the weight assigned to the known sample 
2 at the location (jc,-) . Sample weights are assigned according to the kriging system:
n
': Y l Xiy(Xi' x^  + l~l = y (XhXo') ' 1;== 1,2,3
(x ,, xj),  (Xj, *o) are the lag intervals separating the relevant points, jco is the location 
to be estimated, y  is the semi-variogram value for that lag distance, X/ is the as­
signed weight and /x is a Lagrange multiplier. In a manner similar to the polygonal 
and inverse distance squared methods, the weights are normalised to ensure an 
un-distortéd estimate distribution.
Although originally developed as a means of ore estimation, geostatistical meth­
ods are increasingly being applied to the spatial analysis of environmental vari­
ables. Flatman,Englund and Yfantis (1988), Gilbert (1987) and McBratney and 
Laslett (1993) detail the general application of such methods to environmental 
monitoring; specific applications being described by Einax and Soldt (1994), Litaor 
(1995) and Bams (1980). Detailed mathematical descriptions of the methods in­
volved in geostatistics are contained in Davis (1973) and Joumel and Huybregts 
(1978).
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(a) (i)
Actual Ra-226 Value (Bq/kg)
(a)(ü)
Actual Ra-228 Value (Bq/kg)
Figure 3a  ( i ) - S d  (Hi). Residual plots for radionuclides estimated by (a) polygonal method, (b) trian­
gulation, (c) inverse distance squared and (d) k rig ing. In each case (i) 226Ra, (ii) 22^Ra and ( iii)  40K. 
A l l  values in  B q  kg- 1 .
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4 0 0  6 0 0  8 0 0  1C00
Actual K-40 Value (Bq/kg)
ACTUAL Ra-226 VALUES (Bq/kg) 
F igure 3a  ( ii i ) -3 b  (i).
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(b ) (Ü)
Actual Ra-228 Value (Bq/kg)
(b ) ( iii)  1200 
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F igure 3 b  ( i i) -3 b  (iii). '
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ACTUAL Ra-226 VALUES (Bq/kg)
Actual Ra-228 Values (Bq/kg) 
F igure 3 c ( i ) - 3 c  ( ii). .
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(c) (iii)
4 0 0  6 0 0  8 0 0
Actual K-40 Values (Bq/kg)
Actua! Ra-226 .Values (Bq/kg)
F igure  3 c ( iii)~ 3 d  (i).
\
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(d)(ii)
Actual Ra-228 Values (Bq/kg)
(d) (iii)
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2. Methods
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Individual sample points were eliminated from the sample matrix and then esti­
mated using each of the four methods previously described before being replaced 
in the matrix. The polygonal method estimated a point using the nearest known 
sample, the triangulation method used the nearest three samples to the unknown 
location. In cases where a location could not be circumscribed with a triangle it 
was not estimated, in this study resulting in a decrease from 60 samples to 49 esti­
mates. A computer program was written to solve the nine simultaneous equations 
associated with each estimate.
Semi-variograms were constructed for each of the radionuclides, Figure 1' de­
picting the omni-directional semi-variograms, one for each radionuclide.
Directional semi-variograms were then constructed for each radionuclide to de­
termine if  the spatial correlation was the same in each direction (isotropy). Both 
40K and 228Ra displayed evidence of anisotropy, the range of correlation being 
significantly longer in the east-west direction than in the north-south direction. 
Table I gives details of the spatial correlation and fitted theoretical model for each 
radionuclide. •
Points were estimated using the samples contained within a 1200 m search 
radius, a minimum o f 3 points being'required for each estimation. Semi-variogram 
modelling of the radionuclides was conducted using Geostatistical Toolbox soft­
ware (Froideuaux, 1990) and Variowin 2.2 (Pannatier, 1996), ordinary point kriging 
being performed using the GEO-EAS software suite (Englund and Sparks, 1988).
The parameters suggested by Srivastava and Isaaks (1989) were used to com ­
pare the resuits o f the four methods, these being:
1. the univariate statistics of the estimate -  error distributions; '
2. the scatterplot of estimate against actual value;
3. the mean absolute error (MAE) and mean squared error (MSE);
4. the ability of the methods to reproduce the actual distribution.
' . X
An estimation method that performs well in relation to the original data set should 
have a mean and median error close to zero, with the error distribution exhibiting 
a small standard deviation. The M AE and M SE should be low and the scatterplot 
of the estimates against the actual values should fall close to the ideal, a 45 degree 
line. Plots of the quantiles of the estimated distribution against the actual distribu­
tions ’ quanfiles reflect how well the actual distribution has been reproduced. Scatter 
plots of the estimate error against the actual value are used to indicate global or 
conditional bias.
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3. Results and Discussion
Tabulated summary statistics for the actual radionuclide values and the statistics for 
the estimates produced by each method are presented in Tables II to IV. As only 49 
estimates could be produced by the triangulation procedure, the statistics for the 
true values of the 49 points are used for comparison with the triangulation m ethod/ 
Summary statistics for the error distributions of each method are also presented 
(Tables V to VII).
Examination of the statistics for both the estimates and the estimate errors indi­
cates that the geostatistical procedure performs better than the other procedures for ' 
a number of parameters. It produces the lowest M SE and M AE of all the methods . 
and the narrowest error distribution. The mean and median errors for 228Ra and 
40K indicate slight global over and under-estimation respectively but the values 
compare favourably with the other methods. The correlation coefficient for the 
scatter-plot of actual values against estimates is highest for the kriging method. 
Quantile plots of estimate quantiles against actual quantiles (Figure 2) indicate that 
all the methods, with the exception of the polygonal method, produce’smoothing 
of-the upper and lower data values. Incorporation of the highest and lowest data 
values in the polygonal method undoubtedly contributes to it’s better reproduction 
of the data set distribution. The deviation from the ideal 45 degree line is less severe 
for kriging than for the inverse distance squared and triangulation procedures but" 
highlights the possibility of conditional bias in the estimates.
The extent and type of bias present in the estimates was investigated using 
residual plots o f estimate error against actual values. An unbiased set of estimates 
produces a uniform cloud of points centred on a zero line,, global bias being re­
flected by groupings above or below the zero line, conditional bias appearing as 
deviations from the zero line at the upper and lower regions of the distribution. The 
residual plots for each nuclide (Figure 3) indicate that all the methods produce one 
or both kinds of bias. The 40K plots indicate that all methods produce conditional 
bias, the effect being most severeTor triangulation and inverse distance squared. 
The polygonal method shows little evidence of bias, the estimates being relatively • 
poor across the entire range and being equally distributed above and below the zero 
line, despite having performed well in the quantile-quantile plots. All the methods 
show positive global bias for 228Ra as well as a slight negative conditional bias to­
wards the higher value region. The effect is least for the kriging estimates. Kriging 
and the polygonal method exhibit strong positive bias at the higher 226Ra values, 
the opposite occurring in the inverse distance squared and triangulation procedures. 
The use of residual plots highlights the fact that although an estimation method may. 
appear to reproduce a sample distribution accurately, based on quantile plots, the 
overall quality of the estimates may be relatively poor.
The difference in  the spatial correlations exhibited by 226Ra and 228Ra may, ini­
tially, appear surprising given that both isotopes should behave similarly. However, 
given the differing behaviour of their progenitors, 238U and 232Th respectively, in a
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surfical environment (U being mobile relative to Th), it is unlikely that the two Ra 
isotopes would exhibit the same spatial characteristics:
For the range of parameters used in this study, kriging appears to perform better 
than the other methods tried in relation to the data set studied. The incorporation 
of the anisotropy present in the data set, and the fact that it is an error variance 
minimisation technique may contribute to the better performance of the geosta- 
tistical technique. Assessment of the performance of any estimation method is 
dependant on what is required from the technique in relation to the data set in 
hand. It would appear that kriging performs best over a range of parameters for 
the data set used in this study, offering a better reproduction of the data set, lowest 
average error and the narrowest error distribution. It did not perform as well as the 
polygonal method in reproducing the data set distribution due to smoothing of the 
more extreme values. The results obtained in this study, would appear to suggest 
that geostatistical methods may offer advantages in the determination of spatial 
distributions using small data sets in environmental studies.
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Abstract
T h e  C ro n am u ck  V a lle y  lie s on the north-eastern con tact o f the Barnesm ore p lu ton  in  Co. 
D o n e g a l and has been iden tified  as a reg ion w ith  elevated levels o f na tu ra l rad ionuc lides during  
a p rog ram m e o f u ran iu m  prospecting in  the region, conducted  in  the 1970s. A s  part of 
a ra d io lo g ica l su rvey  o f  the area carried  out b y  the Institu te  o f T echno logy, S ligo  the spatia l 
d is t r ib u tio n  o f 238U> 226R a , 228R'a and 40K  in  the va lley  was investigated using geostatistical 
m ethods. R ad io n u c lid e  leve ls in s ix ty so il samples were determ ined using h igh-reso lu tion  
gam m a-ray  spectrom etry . 238U  levels ranged from 2.7 to  788 B q k g -1 w ith  a m ean value of 
79 B q k g " 1, 226R a  leve ls ranged from  4 to 4 7 9 B q k g -1 , w ith  a mean value o f 104 B q k g -1 , 
228R a  levels ra n g in g  from  3 to  135 B q k g -1  w ith a m ean o f 35 B q k g -1 and 40K  activ ities 
ranged  from  8 to  1088 B q k g -1 w ith  a mean value o f 526 B q k g "  S tandard  dev ia tions for the 
ra d io n u c lid e  d is t r ib u t io n s  were 149.9, 125.5, 25.1 and 278.1 B q k g “ 1, respectively. Isopleth 
m ap s o f the ra d io n u c lid e  activ ities were constructed using geostatistica l techniques. These 
in d ica te  strong  geo log ica l con tro l over so il rad ionuc lide  leve ls in  the region, the highest activ ity  
va lues o ccu rr in g  in  the gran ite area, and provide evidence o f the im m ob ility  o f  natural 
ra d io nu c lid e s  in  o rg an ic  so ils. ©  1999 E lsev ie r Science L td . A l l  rights reserved.
K e y w o r d s :  So il; R ad io nu c lid e s ; Geostatistics; Gam m a ray  spectrom etry
1. Introduction
The Barnesmore pluton forms the Blucstack Mountains, an isolated range in 
central County Donegal. The pluton, 52 km2 in area and comprised of three granite 
types, is an oblong shaped body set in Dalradian metasediments by cauldron subsid­
ence (Pitcher & Berger, 1972). O’Connor et al. (1983) identified the Barnesmore 
granite as having the highest average levels of uranium and thorium of any of the
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Donegal granites, 8.1 and 25.1 ppm, respectively. Radioelement levels in the Dal- 
radian metasediments of the Kilmacrennan succession, into which the pluton was 
emplaced, are not available but figures for similar lithologies in Donegal indicate 
uranium levels of 0.8-2.3 ppm and thorium levels of 2.2-17.2 ppm (O’Connor & 
Long, 1985).
As part of a period of uranium prospecting conducted in the 1970s, Irish Base 
Metals Ltd. performed widespread stream sediment and soil sampling in the region, 
preceded by extensive radiometric (ground and airborne) and soil radon surveys. The 
results of these surveys indicated a high background uranium content in the region, 
the presence of secondary uranium minerals in the granite (autinite) and a series of 
widespread uranium enrichments in the soils of the Cronamuck Valley (Irish Base 
Metals Ltd., 1979). McAuley and M oran (1988), as part of a national survey, identified 
the Barnesmore region and surrounding area as having soil 40K levels of greater than 
600 B q k g '1 and 226Ra levels of 60-100 Bqkg-1 . McAuley and Marsh (1992) identi­
fied the region as having soil 226Ra levels of 65-100 B qkg-1 .
The purpose of this study was to investigate the spatial distribution o f238 U, 226Ra, 
228Ra and 40K  in the soils of the Cronamuck Valley and to delineate the extent of the 
region of elevated natural radioactivity reported in the 1970s. Previous studies on the 
spatial distributions of natural radionuclides in Ireland have been conducted on 
a nation-wide scale. This study aims to investigate how radionuclides are distributed 
on a smaller scale in a region of elevated natural radioactivity. This objective was 
accomplished by utilising geostatistics, a data analysis technique not previously used 
in this country in the assessment of radioactivity levels. The analytical technique 
employed in the study was high-resolution gamma-ray spectrometry.
2. Survey region and sampling plan
The Cronamuck Valley lies between Cronamuck ML and Clogher Hill, running in 
a N E-SW  direction for approximately 5 km. The Cronamuck River flows along the 
valley, joining the Owendoo River, flowing from the west, at the north eastern end of 
the valley (Fig. 1). Soils in the area consist of shallow peat in the higher regions, 
deepening towards the bottom of the valley. Some man-modified regions exist to the 
east as a result of forestry and sheep farming. The region is remote and sparsely 
populated.
A 4 km x 5 km rectangle was set up around the valley and 60 sampling locations 
were identified using small-scale maps of the area. Circles, with diameters of 300m7 
were established around each location and a sample was selected at random within 
the circle, subject to the condition that flooded, forested or hazardous areas would not 
be sampled. A regular sampling grid could not be implemented due to the nature of 
the terrain. The exact location of each sample site was determined using a compass 
and tape measure and easting and northing co-ordinates were determined.
Samples consisting of 9-12 kg of wet soil were taken from depths of greater than 
60 cm to avoid the effects of plant cycling of the radionuclides. In the majority of cases, 
the shallow nature of the soil meant that samples were taken from the soil immediately
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' Fig. 1. Outline map of the survey area. Open circles denote sampling sites.
above the bedrock. Samples were sealed in polythene bags and taken to the laborat­
ory for analysis.
3. M ethods
Gross samples were oven-dried at 110°C for 48 h. Soil aggregates were crushed with 
a mallet and the soil was sieved through a 2 mm mesh before being packed into 1 L 
Marinelli re-entrant beakers for gamma analysis.
Samples were analysed using high-resolution gamma-ray spectrometry incorporat­
ing a 4 k multichannel analyser and the Genie-PC suite of analysis software from 
Canberra. The system was calibrated for energy and efficiency using a traceable mixed 
radionuclide standard solution. Errors due to density variations between samples 
were avoided by using the calibration procedures developed by Nemeth and Parsa 
(1992). 238U was determined via the peaks of its daughter, 234Th, at 63 and 92 keV. 
226Ra was determined via its 186 keV peak, having corrected for the 235U interference
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in  the following manner. The 238U aclivity for each sample was divided by 21.4 
(calculated using the specific activities of 235U and 23SU and their relative isotopic 
abundances) to obtaiu the 235U activity for each sample. The contribution of 235U to 
the 186 keV peak was then determined using:
235U counts =  ^ 235UCTR u Eff186 W
where 4^235U is the 235U activity, CT the count time in seconds, Rv the emission 
probability of 235U @ 186 keV, Eff186 the counting efficiency @ 186 keV and W the 
sample mass (kg). The 235U contribution was then subtracted from the total counts at 
186 keV and the 226Ra activity determined.
228Ra was determined via the 228Ac photopeaks at 911 and 969 keV. The 1460 keV 
peak was employed for 40K analysis. All samples were counted for a period sufficient to 
ensure a 2 sigma counting error of less than 10% (15% for 226Ra), resulting in counts 
ranging from 1 day to 1 week. All samples were corrected for laboratory background.
4. D ata  analysis
Radionuclide activities and spatial co-ordinates were entered into a matrix for data 
analysis. Experimental semi-variograms and theoretical models were constructed for 
each radionuclide using Geostatistical Toolbox (Froideuaux, 1990). Geostatistical 
estimation methods perform best when the data set is normally distributed (Rendu, 
1978) and in order to better approximate a normal distribution, the 238U data were 
transformed using the natural logarithm of the data. Transformation of the 238U data 
also served to smooth the experimental semi-variogram and simplified the fitting.of 
the theoretical model. The distributions of 226Ra, 228Ra and 40K did not require 
transformation. Ordinary block kriging, cross validation analysis and contouring of 
estimates were conducted using theGEO -EAS software suite (Englund & Sparks, 
1988). The search radius employed was 1200 m, an unsampled location requiring 
a maximum of 14 and a minimum of three known data points within the search radius 
for estimation to take place. The block size was 250 m x 250 m with 16 points per 
block, resulting in a grid of 320 estimates. Gross validation analysis was performed to 
optimise search conditions, those search conditions that resulted in the narrowest 
distribution of errors, lowest mean absolute error (MAE) and smoothest error map 
being deemed best. Kriging was performed on the natural logarithms of the 238U data, 
the final estimates being back transformed to the original units using the equation 
given by Litaor (1995).
5. Results and discussion
Summary statistics for each radionuclide are presented in Table 1 and details of the 
experimental semi-variograms and theoretical models in Table 2. Fig. 2 depicts 
isopleth maps for the kriged estimates for each rad\onudide. Fig. 3 displays the 
frequency distributions of the radionuclides and the ratio 226Ra/238U.
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Tab le  1
Summary statistics for 238U , 226Ra, 22SRa and 40K_. Values in B q kg “ 1 dry weight
238U 326Ra 228Ra *°K
n 60 60 60 60
M ean 79.3 104.7 35.8 526.4
Std. dev. 149.9 125.5 25.1 278.1
Coeff. var. 189.0 119.9 71.5 52.8
Skewness 3.7S 1.50 1.93 -0 .0 6
M in im um 2.7 4.0 3.0 8.0
Median 29.5 47.7 30.5 551.3
M axim um 788 479.0 135.0 1088.0
Table 2
Semi-variogram and theoretical model parameters
In23SU 226Ra 228Ra 40K
M odel Gaussian . Exponential Gaussian Gaussian
S ill value 1.150 . 18000 750 83000 '
Nugget 0.0 0.0 0.0 0.0
Range (ra) 600 3000 700 750
N -S  (m) 650 3000 400 600
F -W  (m) 700 3000 1000 1100
(a) 0 ' 5000m
Fig. 2. Isopleth maps of kriged radionuclide estimates, (a) 238U , (b) 226Ra,(c) 228Ra,and(d) 4°K. Values 
in Ba k g “ 1 dry weight. Shaded area denotes granite region. Open circles denote sampling sites.
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4000m
(b) 0 5000m
4000m
(c) 0 5000m
Fig. 2. continued
All of the radionuclides exhibited strong spatial correlation, the range of correlation 
being approximately 650 m for 236U, 3000 m for 226Ra and 750 m for 228Ra and 401L 
Significant geometric anisotropies were present for 22SRa and 40K, the ranges being 
approximately 1000 m in the E-W  direction and 500 m in the N -S  direction.
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Fi° 2. continued
300 
Ra Activity.
500
Fig. 3. Frequency distributions of (a) 226Ra, (b) m Ra, (c) 23SU, (d) 40K  and (e) 226Ra/238U. Radionucl­
ide activities in Bq kg_ l .
Inspection of the isopleth maps indicates that the soils showing elevated levels oi 
23SU, 226Ra and 228Ra correspond well with area underlain by the granite bedrock. 
Activities of these radionuclides in the soils overlying the metasediments are lower 
than those in the granite area by up to an order of magnitude in some cases. 40K
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. Fig. 3. Continued
activities are more widely distributed throughout the survey area, the difference in 
40K  soil values between the two regions being less pronounced than for the other 
radionuclides. This finding is supported by the fact that % K values for the granite and 
metasediments are quite similar and do not differ by the same amount as cither 
uranium  or thorium. Reported values are 3.3%K for the mctasediments (O'Connor 
& Long, 1985) and 3.6 to 5.1 % K for the Barnesmore granite (O’Connor et a l, 1983). 
A region of elevated radionuclide levels is also indicated slightly to the east of the 
contact, in an area underlain by the metasediments. The reason for the high levels of 
radioactivity in this portion of the study region are unknown at present. A sharp
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F i° 3. Continued
reduction in radionuclide levels over a relatively short distance occurs in the northern 
end of the valley, the drop corresponding well with the contact of the granite and the 
melasediments. This reduction is not surprising given the, sharp contact of the two 
lithologies (Pitcher & Berger, 1972) and the immobility of the radionuclides in organic 
soils and peat (Sheppard, 1980).
A surprising observation was that both regions of elevated activity displayed 
marked 226R a/238U disequilibrium, 226Ra activities being over five time greater than 
23SU activity for some samples. The area to' the north contained samples with 
226R a/238U ratios of 0.5 in close proximity with samples exhibiting ratios of 5.0-9.0.
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Although a national average for this parameter is unavailable, McAuley and Marsh 
(1992) suggest that the majority of soils in Ireland exhibit 226R a/238TJ ratios in the 
range 0.5-2.0. Ivanovich (1994) identifies four mechanisms as being responsible for 
fractionation of decay chain radionuclides in natural systems: solution and precipita­
tion, alpha recoil, diffusion and susceptibility to leaching due to the Szilard-Chalmers 
effect. Osburn (1965) indicates that in an oxidised environment, sharp disequilibrium 
may exist due to the increased solubility of uranium above its daughters. All the sites 
displaying high 226R a/238U ratios occurred in an area of shallow overburden on 
a relatively sharp incline. The area was well drained in comparison to the rest of the 
study region. It is therefore possible that the disequilibrium is a consequence of 
U being lost by dissolution in soil water and subsequently being carried away with the 
flow of water down the slope. Further elucidation of this phenomenon requires an 
in-depth study of the radiological, physical and chemical conditions prevailing at the ' 
site.
None of the samples displayed evidence of having being drawn from one of the • 
numerous uranium anomalies (soil U levels of up to 1000 ppm) reported by Irish Base - 
Metals Ltd. (1979). Given that the majority of these anomalies consist of areas less 
than 10 m in diameter and the number of samples taken in this study, the probability 
of encountering such levels would appear to be low.
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APPENDIX 6.
137Cs in th e  C r o n a m u c k  V a l le y
A lth o u g h  th is  s tu d y  was n o t d e s ig n e d  to in v e s tig a te  th e  o c c u rre n c e  o f  
137Cs in th e  so ils  o f  th e  C ro n am u ck  V a lley , th e  levels- of—th is  
a n th ro p o g e n ic  ra d io n u c lid e  ..in  .th e  so il sam p les  w e re . m easu red  .as., a 
m a tte r o f  co u rse . T he sam p lin g  ra tio n a le  and  m e th o d o lo g y  o f  the  s tu d y  
w .e re n o to p tim iz e d  fo r o b ta in in g  in fo rm a tio n  on th is  ra d io n u c lid e  a s .th e  
m a jo rity  o f  so il sam p les  w ere e x tra c te d  from  th e  b o tto m  o f  th e  pea t beds, 
w here, levels, o f  this, ra d io n u c lid e .a re  ty p ica lly , a t.th .e ir lowest-.due_.ta th e  
n a tu re  o f  the  d e p o s it io n  o f  th is  ra d io n u c lid e .
i3 /Cs B q/kg
N 60
M ean 19.2
Std. D e v ia tio n 31 .9
M in im um 0.5
M ed ian 8.6
M axim um 178.7
T ab le  xxxx. Sum m ary s ta t is t ic s  fo r 137Cs v a lu es  o f  the  60 sam p les  o f  
S urvey  1.
C o n s tru c tio n  o f  a h is to g ram  for the- I37Cs v a lu es  in d ic a te s  a skew ed  
d is tr ib u tio n , th a t .is s tro n g ly  a ffe c ted  by the  .p re sen ce , o f  tw o. v a lu e s . in 
ex cess  o f  100 B q /kg . T he m a jo rity  o f  sam p les  d isp la y  v a lu es  less  th an  50 
B q/kg .. A ^ sca tte rp lo t.o f  th e .sam p les . v a lu e s  d o e s .n o t in d ic a te  any o b v io u s
1 3 7  'c lu s te r in g  o f  h igh  Cs v a lu e s , the  tw o sam p les  e x h ib itin g  the  h ig h e s t 
lev e ls  b e in g  se p a ra te d  by a d is ta n c e  o f  o v e r 1 km. T he s c a tte rp lo t does 
n o t p ro v id e  any  e v id en c e  th a t 137Cs so il le v e ls  are any g re a te r  over 
e le v a te d  p o rtio n s , of. the. s tu d y  reg io n ,..m o st n o tab ly  the  s o u t h - w e s t e r n  
co rn e r o f  th e  va lley .
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CD
1 50 200 250
C s  B q / k g
F ig u re  ix. H is to g ram  o f  137Cs v a lu es  fo r the  60 sam p les  tak en  as p a rt o f 
S urvey  1 .
4 0 0 0
3 0 0 0
o>
;§ 2 0 0 0
t lo
1 0 0 0
5 7 6 9 .3 4 .5  3 q 8 .5
2 6 .3  8,9  6  ^ 4 4 ' 2 1 . 1  5 0 .2
1 5-0-.6-- 
2 1-6 3 .6  3.1
6 7 .9
4 0 ,3
2 9 .5
1 .9  8 
1 .3
1- 7- 8-s 7| 
2 1 .8
5 .2 
3
9 .7
7 .6  
8 .5
3 .9
5 5 .5
3 1 .6  5 .2
21  .7 _ , . 1 2 5
6 1 .4 2 2 .4  9
1 1 9  7 .3  3 7
0 .5  6 • 1
0 .7 7 .4
1 .9
1 .9  1 1 . 1
2 .5  9 .9  9 .6
7 .5
5.5  8 .7  
1 3
3 .9
2 0.1 1 3 .8
1 8 .2 
8 .7-
1 0 0 0 2 0 0 0  3 0 0 0
E a s tin g. m
4 0 0 0 5 0 0 0
F ig u re  x.. S c a tte rp lo t. o f  137Cs. v a lu e s .fo r  th e  60 sam ples, o f  S urvey  1.
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Sample 137Cs 137CsEx % 137CsEx 137CsOrg %137CsOrg 137C sFeO % CsFeO"i
E 0-15 191.2 8.6 4.5 <0.5 <0.3 <0.9 <0.5 :
E 15-30 55.1 <1.2 <2.2 <11 <1.9 <1.1 <1.9
E 30-45 44.9 <1.4 <3.2 2.3 5.2
}
i 37
E 45-60 9.9 <1.3 <13.1. <1.1 <11.5. . <3.9. . <39.3.- ^
E 60-75 2:7- ■1:1 38:8 <1.5 <54.4 <1.2 <45.9 -
AO-15 186.4 <2.2 <1.2 <1.2 <0.6 <1.4 <0.8
A 15-30 30.7 <1.2 <3.8 <1.5 <4.8 <1.4 <4.5
A 30-45 22.9 <1.5 <6.6 <1.2 <5.2 <1.4 <6.2
A 45-60 2.8 1.4 49.4 1.7 59.4 <1 .2 . <43.9
A 60-75 1 .4 0.7 51:8 <1.6 <100:0 1.2 88.7
E 1 46.7 <1.6 <3.4. <1.2 <2.6 <1.4 <2.9
E 4 3.6 1.1 30.0 <2.0 <54.7 <1.6 44.4
E 5 14.5 2.7 19.0 0.1 0.7 <1.8 <12.2
_ E6 67.9 <1.2 <1.8 .2.1 3.0 <0.9 <1.3
9 21.7 <1.7 <7.7 <0.9 <4.1 <1-2- <5.0 -
54 7.3 <1.3 <18.9 <1.4 <19.3 <1.4 <19.5
41 1.3 <0.5 <37.8 <1.4 <100.0 <1.5 <100.0
T ab le  xxxx i. 137Cs lev e ls  in each  o f  th e  th re e  f ra c tio n s  s tu d ie d  d u rin g  
S urvey  2 . Ex -  e x ch a n g e a b le  c a tio n s , Org -  e a s ily  o x id is a b le  o rg an ic  
m a tte r, FeO  -  iron  o x id es . V a lu es  in B q /kg .
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The 137Cs le v e ls  fo r th e  d ep th  co res  at A and E in d ic a te  the  
p re p o n d e ra n c e  o f lj7Cs in th e  u p p e r lev e ls  o f  the  p e a t and th e  fa c t th a t 
l i t t le  or none  o f  th is  ra d io n u c lid e  has m oved  dow n w ard s  in th e  so il 
co lum n . It is in te re s t in g  to n o te  th a t at d ep th  at b o th  s ite s , a la rg e  
p e rc e n ta g e  o f  th e  137Cs p re se n t is a s so c ia te d  w ith  th e  ex ch a n g e ab le
. j
ca tio n - f ra c tio n , p o ssib ly , in d ic a tin g , that- dow nw ard  tra n sp o r t of., the  
ra d io n u c lid e  is v ia  p e rc o la tin g  w ater. T he fac t th a t very  l i t t le  l37Cs 
e x is ts  in any  o f  th e  th re e  fra c tio n s  w ou ld  a p p ea r to  su g g es t th a t th e  
ra d io n u c lid e  is la rg e ly  a s so c ia te d  w ith  th e  re s id u a l o rg an ic  m a tte r 
co m p o n en t o f  th e  so il, a fac t th a t is in a c c o rd a n c e  w ith  th e  re la tiv e ly  
recen t, d e p o s it  ion o f  th is„rad io  n u c lid e .. As m o sL o f the-fractions_d  is p layed  
137Cs le v e ls  b e lo w  th e  d e te c tio n  lim it o f th e  a n a ly tic a l te c h n iq u e  (u n d e r 
th e  p a ram e te rs  em p lo y ed ) l i t t le  u se fu l in fo rm a tio n  re g a rd in g  co rre la tio n s  
w ith  any o th e r so il p a ram e te r co u ld  be o b ta in e d .
